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Foreword 


During the past two decades, there have been numerous 
technical contributions which have brought a better un¬ 
derstanding of rock fragmentation with explosives, an 
improvement in drilling equipment and a noticeable evo¬ 
lution in the development of new explosives and blasting 
accessories. The Geomining Technological Institute of 
Spain (ITGE), aware of this progress and of the impor¬ 
tance which the breakage process has acquired in mining 
and civil engineering projects, has considered the publi¬ 
cation of a ‘Rock Drilling and Blasting Handbook’ of 
great interest. 

This handbook was conceived with integration in 
mind, as the systems and machines of drilling, the types 
and characteristics of explosives and the methods for 
calculating the blasts are treated together, without ever 
forgetting that these breakage operations form part of a 


macrosystem and that the results obtained by them in¬ 
fluence the production and economy of the whole exploi¬ 
tation or construction process. At the same time, the 
objectives and contents of this handbook contribute to 
improved safety in mining. 

There are very few similar works in other languages, 
and certainly none other in Spanish. 

We sincerely hope that this handbook, which brings 
together practical and theoretical aspects, will be of use to 
all engineers who work with drilling and blasting as a 
rock breakage method. 

Camilo Caride de Linan 

Director of the Geomining Technological Institute of 
Spain 
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Preface 


Rock breakage with explosives has existed since the 
XVII century when black powder came into use in min¬ 
ing, rapidly becoming one of the most popular methods. 
The important historical events which have marked an era 
were the invention of dynamite by Alfred Nobel in 1867, 
the use of ANFO starting in 1955, the development of 
slurries from the late fifties on and, lastly, the preparation 
of blasting agents such as emulsions, heavy ANFO, etc., 
which are still in evolution. 

At the same time, blasthole drilling progressed with 
such decisive events as the the use of compressed air as 
the source of energy in rotary percussive rigs in 1861, the 
use of large rotary drills and of down-the-hole hammers 
in the fifties and the development of hydraulic hammers 
in the late seventies. 

However, rock blasting was always considered, until 
recently, as an art bom from the skill and experience of 
the blasters. Now it has become a technique based on 
scientific principles derived from knowledge of the ac¬ 
tion of explosives, the mechanisms of breakage and the 
geomechanic properties of the rock masses. 

The purpose of this handbook is to give basic knowl¬ 
edge of the drilling systems, the types of available explo¬ 
sives and accessories and the parameters that intervene in 
blast designing, whether controllable or not. 

The handbook is primarily meant for students of the 
Technical Schools, to be use<J as a textbook, and for all 
professionals who are involved with explosives in mining 
operations and civil engineering projects. 

Carlos and Emilio Lopez Jimeno 


This handbook was written by the following engineers: 

Carlos Lopez Jimeno, Doctor of Mining Engineering, 
Project Director for EPM., S. A. 

Emilio Lopez Jimeno, Doctor of Mining Engineering. 
Francisco Javier Ayala Carcedo, Doctor of Mining Engi¬ 
neering, Project Director for ITGE. 

Translated by: Yvonne Visser de Ramiro 

This work has been totally financed by the Geomining 
Technological Institute of Spain under contract with the 
EPM, S.A. Company (Estudios y Proyectos Mineros, 
S.A.). 
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CHAPTER 1 


Rock drilling methods 


1.1 INTRODUCTION 

Rock drilling, in the field of blasting, is the first operation 
carried out and its purpose is to open holes, with the 
adequate geometry and distribution within the rock mas¬ 
ses, where the explosive charges will be placed along 
with their initiating devices. 

The systems of rock drilling that have been developed 
and classified according to their order of present day 
applicability are: 

- Mechanical: Percussion, rotary, rotary-percussion. 

- Thermal: Flame, plasma, hot fluid, Freezing. 

- Hydraulic: Jet, erosion, cavitation. 

- Sonic: High frequency vibration. 

- Chemical: microblast, dissolution. 

- Electrical: Electric arc, magnetic induction. 

- Seismic: Laser ray. 

- Nuclear: Fusion, fission. 

Even though there is an enormous variety of possible 
rock drilling systems, in mining and civil engineering 
drilling is presently carried out, almost exclusively, by 
mechanical energy. Therefore, in this handbook only the 
mechanical means will be discussed, reviewing the fun¬ 
damentals, tools and equipment for each of them. 

The main components of a drilling system of this type 
are: the drilling rig which is the source of mechanical 
energy, the drill steel which is .the means of transmitting 
that energy, the bit which is the tool that exercises that 
energy upon the rock, and the flushing air that cleans out 
and evacuates the drilling cuttings and waste produced. 


1.2 TYPES OF DRILLING OPERATIONS USED IN 
ROCKBREAKAGE 

Within the large variety of excavations using explosives, 
numerous machines have been developed which can be 
classified in two types of drilling procedures: 

- Manual drilling. This is carried out with light equip¬ 
ment that is hand held by the drillers. It is used in small 
operations where, due to the size, other machinery cannot 
be used or its cost is not justified. 

- Mechanized drilling. The drilling equipment is 
mounted upon rigs with which the operator can control all 
drilling parameters from a comfortable position. These 
structures or chasis can themselves be mounted on 
wheels or tracks and either be self-propelled or towable. 

On the other hand, the types of work, in surface as well 


as in underground operations, can be classified in the 
following groups: 

- Bench drilling. This is the best method for rock 
blasting as a free face is available for the projection of 
material and it allows work to be systemized. 

It is used in surface projects as well as in underground 
operations, usually with vertical blastholes, although 
horizontal holes can be drilled on occasion. 

- Drilling for drifting and tunnelling. An initial cavity 
or cut must be opened towards which the rest of the 
fragmented rock from the other charges is directed. Blast- 
hole drilling can be carried out with hand held drills, but 
the trend is towards total mechanization, using jumbos 
with one or various booms. 

- Production drilling. This term is used in mining 
operations, fundamentally underground, to describe the 
labors of ore extraction. The equipment and methods 
used vary with the exploitation systems, having the com¬ 
mon factor of little available space in the drifts for blast- 
hole drilling. 

- Drilling for raises. In many underground and civil 
engineering projects it is necessary to open raises. Al¬ 
though there is a tendency to apply the Raise Boring 
method, still today the long blasthole method is used as 
well as other special drilling systems combined with 
blasting. 

- Drilling rocks with overburden. The drilling of rock 
masses which are covered with beds of unconsolidated 
materials calls for special drilling methods with casing. 
This method is also used in underwater operations. 

- Rock supports. In many underground operations and 
sometimes in surface ones it is necessary to support the 
rocks by means of bolting or cementing cables, in which 
drilling is the first phase. 

1.3 FIELDS OF APPLICATION FOR THE 
DIFFERENT DRILLING METHODS 

The two most used mechanical drilling methods are 
rotary-percussion and rotary. 

- Rotary-percussive methods. These are the most fre¬ 
quently used in all types of rocks, the top hammer as well 
as the down-the-hole hammer. 

- Rotary methods. These are subdivided into two 
groups, depending upon if the penetration is carried out 
by crushing, with tricones or by cut with drag bits. The 
first system is used in medium to hard rocks, and the 
second in soft rocks. 
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By taking into account the compressive strength of the 
rocks and the drilling diameter, the fields of application of 
the different methods can be defined as reflected in Fig. 
1 . 1 . 

On the other hand, depending upon the type of mining 
or civil engineering surface project, the most common 
equipment and diameters for bench blastings are indi¬ 
cated in Fig. 1.2. 


In the same manner, the most frequently used equip¬ 
ment for the different underground mining methods and 
the characteristic drilling data are indicated in Fig. 1.3. 

Other criteria to be accounted for in the selection of 
drilling equipment are: cost, mechanical design, mainte¬ 
nance and service, operative capacity, adaptability to 
equipment of the exploitation, and the work area condi¬ 
tions (accessability, type of rock, sources of energy, etc.). 



Fig. 1.1 Fields of application for drilling 
methods as function of the compressive 
strength of the rocks and the diameters of 
the blastholes. 
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Fig. 1.2 Drilling methods for surface ope¬ 
rations (Atlas Copco). 
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Drilling and blasting of rocks 


the same sense that igneous rocks are poorer in silica, 
they are richer in ferromagnesian silicates. The acids are 
more abrasive and harder than the basic ones, but they are 
also more dense and resistant to impact. 

1.4.1.2 Metamorphic rocks 

Metamorphic rocks are derived from other pre-existing 
endogenic or exogenic rocks through important transfor¬ 
mations of their mineral components. These marked 
changes are produced by the necessity of stabilizing their 
minerals under the new conditions of temperature, pres¬ 
sure and chemism. 

These rocks are intermediate in physical and chemical 
characteristics, between the igneous and the sedimentary, 
because they have associations of minerals that pertain to 
the two types. Thus, minerals such as quartz, feldspars, 
micas, amphiboles, and olivines, essential in igneous 
rocks, are also found in metamorphic rocks; however 
they do not contain alkali feldspars. As in sedimentary 
rocks, they can have calcite, dolomite, silica and he¬ 
matites; but they do not contain evaporites. Minerals 
common to the two other types also appear such as 
tourmaline, zircon, magnetite, topaz and corundum; all of 
which are very stable in any exogenous or endogenous 
medium. 

There is a series of minerals that are very specific to 
metamorphic rocks, which can form part of the grains of 
detrital rocks, owing to their stability in exogenous me¬ 
diums, and others are at the same time products of meteo¬ 
ric alteration of the minerals in endogenic rocks. Actually, 
meteorization is a mineralogical transformation that is 
both a physical and chemical process, but at low tempera¬ 
ture and pressure. 

1.4.1.3 Sedimentary rocks 

Sedimentary rocks are formed by accumulation of broken 
and decomposed rock material, by chemical precipitation 
of solubilized minerals or by accumulation of shells or 
other organic material: animal or vegetable. 

In the first case, detritic sediments are produced such as 
gravels, conglomerates or sands in which gravity has 
played a role in their precipitation. In the second case one 



Table 1.1 


Classification 

Mohs’ scale of 
hardness 

Compressive 
strength (MPa) 

Very hard 

+7 

+200 

Hard 

6-7 

120-200 

Medium hard 

4.5-6 

60-120 

Medium soft 

3-4.5 

30-60 

Soft 

2-3 

10-30 

Very soft 

1-2 

-10 


can find, as an example, the evaporites or saline rocks 
precipitated by over-saturation of a brine that is subjected 
to intense evaporation. The third type are accumulations 
of shells, skeletons of animals or remains of plants, such 
as the conchiferous limestones. This last group is subdi¬ 
vided into organogenous biochemistry and mineral 
biochemistry depending upon whether their components 
are of organic or inorganic nature. For the first we have 
coal and petroleum, and for the second the limestones, 
dolomites and phosphatic rocks. 

For an initial classification of sedimentary rocks, their 
formation process is taken into account, later the grain 
size, the characteristics of their bonding, apart from the 
types and quantities of their mineral components. 

1.4.2 Rock properties that affect drilling 

The principal physical rock properties that have influence 
upon penetration mechanisms and, as a consequence, on 
choice of the drilling method are: hardness, strength, 
elasticity, plasticity, abrasiveness, texture, structure, char¬ 
acteristics of breakage. 

1.4.2.1 Hardness 

Hardness is considered to be the resistance of a surface 
layer to be penetrated by another body of harder con¬ 
sistency. 

In rock, it is a function of the hardness and composition 
of its mineral grains, the porosity, degree of humidity, 
etc. t 

The hardness of rocks is the principal type of resistance 
that must be overcome during drilling, because once the 
bit has penetrated, the rest of the operation is easier. 

Rocks are classified as to their hardness by using 
Friedrich von Mohs’ Scale of Hardness (1882), in which 
the concept is that any mineral can scratch anything that 
has a lower or equal number to it, numbering from 1 to 10. 
As can be seen from Table 1.1, there is a certain correla¬ 
tion between hardness and compressive strength of the 
rocks. 

1.4.2.2 Strength 

Mechanical strength of a rock is the property of opposing 
destruction by an external force, either static or dynamic. 

The rocks give maximum resistance to compression, 
normally, as the tensile strength is not more than 10 or 
15% of the compressive strength. This is due to the 
fragility of rocks, to the large quantity of local defects and 
irregularities that exist and to the small cohesion between 
the particles of which they are constituted. 
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Fig. 1.5. Most frequent compressive strengths for different types of 
rocks. 


The rock strength fundamentally depends on its mine- 
ralogical composition. Among the integrating minerals, 
quartz is the most solid with a strength that goes over 500 
MPa, while that of the ferromagnesian silicates and the 
aluminosilicates vary between 200 and 500 MPa, and that 
of calcite from 10 to 20 MPa. Therefore, the higher the 
quartz content, the more the strength increases. 

The mineral strength depends upon the size of the 
crystals and diminishes with their increase. This 
influence is significative when the crystal size is under 0.5 
mm. 

In rocks, the size factor has less influence on strength 
as the intercrystalline cohesion force also intervenes. For 
example, the compressive strength of a fine grained 
arkose sandstone is almost -double that of a coarse 
grained; that of marble composed of 1 mm graines is 
equal to 100 MPa, whereas a fine grained limestone - 3 to 
4 mm - has a strength of 200 to 250 MPa. 

Amongst the sedimentary rocks the ones with highest 
strength are those that contain silica cement. With the 
presence of clay cement, the strength is drastically 
reduced. 

Porosity in rocks with the same lithology also reduces 
strength proportionately, more porosity - less strength; as 
it simultaneously reduces the number of contacts of the 
mineral particles and the force of reciprocal action be¬ 
tween them. 

The depth at which rocks were formed and the degree 
of metamorphism also have influence upon their strength. 
Therefore, the strength of clay beddings near the ground 
surface can be of 2 to 10 MPa, whereas in clay rocks that 
went through a certain metamorphism the strengths can 
reach 50 to 100 MPa. 

On the other hand, the strength of ansiotropic rocks 
depends upon the sense of action of the force. The com¬ 
pressive strength of rocks in the perpendicular to 


stratification sense or schistosity is larger than in a paral¬ 
lel sense. The quotient that is usually obtained between 
both strength values varies between 0.3 and 0.8, and it is 
equal to 1 only for isotropic rocks. 

In Fig. 1.5, the most frequent compressive strengths 
for different types of rock are indicated. 

1.4.2.3 Elasticity 

The majority of rock minerals have an elastic-fragile 
behavior, which obeys the Law of Hooke, and are des¬ 
troyed when the strains exceed the limit of elasticity. 

Depending upon the nature of deformation, as function 
of the stresses produced by static charges, three groups of 
rocks are taken into consideration: 1) The elastic-fragile 
or those which obey the Law of Hooke, 2) The plastic- 
fragile, that have plastic deformation before destruction, 
3) The highly plastic or very porous, in which the elastic 
deformation is insignificant. 

The elastic properties of rocks are characterized by the 
elasticity module ‘E’ and the Poisson coefficient V. The 
elasticity module is the proportionality factor between the 
normal stress in the rock and the relative correspondant 
deformation, its value in most rocks varies between 0.03 
x 10 4 and 1.7 x 10 5 MPa, basically depending upon the 
mineralogical composition, porosity, type of deformation 
and magnitud of the applied force. 

The values of the elasticity modules in the majority of 
sedimentary rocks are lower than those corresponding to 
the minerals in their composition. The texture of the rock 
also has influence on this parameter, as the elasticity 
module in the direction of the bedding or schistosity is 
usually larger than when perpendicular. 

Poisson’s coefficient is the factor of proportionality 
between the relative longitudinal deformations and the 
transversal deformations. For most rocks and minerals it 
is between 0.2 and 0.4, and only in quartz is it abnormally 
low, around 0.07. 



DEFORMATION (mm x 10 a ) 

Fig. 1.6. Curves of stress-deformation for different types of rocks. 










6 


Drilling and blasting of rocks 


1.4.2.4 Plasticity 

As indicated before, in some rocks the plastic deforma¬ 
tion preceeds destruction. This begins when the stresses 
exceed the limit of elasticity. In the case of an ideally 
plastic body, that deformation is developed with an inva¬ 
riable stress. Real rocks are deformed and consolidated at 
the same time: in order to increase the plastic deformation 
it is necessary to increase the effort. 

The plasticity depends upon the mineral composition 
of the rocks and diminishes with an increase in quartz 
content, feldspar and other hard minerals. The humid 
clays and some homogeneous rocks have plastic proper¬ 
ties. 

The plasticity of the stony rocks (granites, schistoses, 
crystallines and sandstones) becomes noticeable 
especially at high temperatures. 

1.4.2.5 Abrasiveness 

Abrasiveness is the capacity of the rocks to wear away the 
contact surface of another body that is harder, in the 
rubbing or abrasive process during movement. 

The factors that enhance abrasive capacities of rocks 
are the following: 

- The hardness of the grains of the rock. The rocks 
that contain quartz grains are highly abrasive. 

- The shape of the grains. Those that are angular are 
more abrasive than the round ones. 

- The size of the grains. 

- The porosity of the rock. It gives rough contact 
surfaces with local stress concentrations. 

- The heterogeneity. Polymineral rocks, although 
these are equally hard, are more abrasive because they 
leave rough surfaces with hard grains as, for example, 
quartz grains in a granite. 

This property has great influence upon the life of drill 
steel and bits. 

In Table 1.2, the mean amounts of quartz for different 
types of rock are indicated. 


Table 1.2 


Rock type 

Quartz content % 

Amphibolite 

0-5 

Anorthosite 

0 

Diabase 

0-5 

Diorite 

10-20 

Gabbro 

0 

Gneiss 

15-50 

Granite 

20-35 

Greywacke 

10-25 

Limestone 

0-5 

Marble 

0 

Mica gneiss 

0-30 

Mica schist 

15-35 

Norite 

0 

Pegmatite 

15-30 

Phyllite 

10-25 

Quartzite 

60-100 

Sandstone 

25-90 

Shale 

0-20 

Slate 

10-35 

Taconite 

0-10 


1.4.2.6 Texture 

The texture of a rock refers to the structure of the grains of 
minerals that constitute it. The size of the grains are an 
indication, as well as their shape, porosity etc. All these 
aspects have significative influence on drilling perfor¬ 
mance. 

When the grains have a lenticular shape, as in a schist, 
drilling is more difficult than when they are round, as in a 
sandstone. 

The type of material that makes up the rock matrix and 
unites the mineral grains also has an important influence. 

As to porosity, those rocks that have low density and, 
consequently, are more porous, have low crushing 
strength and are easier to drill. 

In Table 1.3 the classification of some types of rocks is 
shown, with their silica content and grain size. 


Table 1.3. Common rock names and their geological definitions (based onDearman, I974;ISRM, 1981a). 
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Table 1.4. Properties of rock types according to origin-based 
classification. 


Rock type 

Specific 

gravity 

(m 3 ) 

Grain 

size 

(mm) 

Swell 

factor 

Compressive 

strength 

(MPa*) 

Intru- Diorite 

2.65-2.85 

1.5-3 

1.5 

170-300 

sive Gabbro 

2.85-3.2 

2 

1.6 

260-350 

INGENOUS Granite 

2.7 

0.1-2 

1.6 

200-350 

Andesite 

2.7 

0.1 

1.6 

300-400 

Extrusive Basalt 

2.8 

0.1 

1.5 

250-400 

Rhyolite 

2.7 

0.1 

1.5 

120 

Trachyte 

2.7 

0.1 

1.5 

330 

Congomerate 

2.6 

2 

1.5 

140 

Sandstone 

2.5 

0.1-1 

1.5 

160-255 

SEDIMEN- Shale 

2.7 

1 

1.35 

70 

TARY 

Dolomite 

2.7 

1-2 

1.6 

150 

Limestone 

2.6 

1-2 

1.55 

120 

Limerock 

1.5-2.6 

1-2 

1-1.6 

30-100 

Gneiss 

2.7 

2 

1.5 

140-300 

Marble 

2.7 

0.1-2 

1.6 

100-200 

METAMOR- Quartzite 

2.7 

0.1-1 

1.55 

160-220 

PHIC 

Schist 

2.7 

0.1-1 

1.6 

60-400 

Serpentine 

2.6 

- 

1.4 

30-150 

Slate 

2.7 

0.1 

1.5 

150 


* 1 MPa = 1 MN/m 2 = 10 kg/cm 2 = 142.2 psi 


SPACING OF 
JOINTS 

STRENGHT 

OF SUBSTANCE 

LITTLE | MODERATELY 

JOINTS 
100 20 

INTENSIVELY 

D 

_1_ 

CRUSHED TO 
MYLONITIZED 

VERY FIRM 
(RECENTLY SOUND) 

A 






FIRM 

(SLIGHTLY 

WHEATHERED) 


■J 





MEDIUM 

(WHEATHERED) 


C 

i 

D 


SOFT 

(DETERIORATED) 






SPACING OF JOINTS 1000cm 100 10 1 0.1 

A) STRONG ROCK 

B) MEDIUM ROCK 

C) WEAK ROCK 

D) VERY WEAK ROCK 

Fig. 1.7. Classification of the rock masses. 


In Fig. 1.7, the rock masses are classified from the 
spacing between joints and the strength of the rocky 
material. 
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CHAPTER 2 


Rotary percussive drilling 


2.1 INTRODUCTION 

Drilling by rotary percussion is the most classic system 
for drilling blastholes, and its chronological appearance 
coincides with the industrial development of the nin- 
teenth century. The first prototype machines made by 
Singer (1838) and Couch (1848) were run by steam, but it 
was when compressed air was used as the source of 
energy, in the execution of the tunnel of Mont Cenis in 
1861, that this system evolved and was put into extensive 
use. This event, along with the arrival of dynamite, was 
decisive in the rapid development of rock breakage in 
mining and civil engineering at the end of the last cen¬ 
tury. 

The drilling principle of these rigs is based upon the 
impact of a steel piece (piston) that hits a utensil which 
transmits at the same time that energy to the bottom of the 
blasthole by means of the final element called the bit. The 
rotary percussive rigs are classified in two large groups, 
depending upon where the hammer is located: 

- Top hammer. In these drills, two of the basic actions, 
rotation and percussion, are produced outside the blast- 
hole, and are transmitted by the shank adaptor and the 
drill steel to the drill bit. The hammers can be driven 
hydraulically or pneumatically. 

- Down the hole hammer. The percussion is delivered 
directly to the drill bit, whereas the rotation is performed 
outside the hole. The piston is driven pneumatically, 
while the rotation can be hydraulic or pneumatic. 

Depending upon the fields of application of these 
drilling rigs, surface or underground, the most common 
range of diameters are shown in Table 2.1. 

The main advantages of rotary percussive drilling are: 

- It can be applied to any type of rock, from soft to 
hard. 

- Wide range of diameters; 

- Versatile equipment, it adapts well to different ope¬ 
rations and is very mobile; 

- Only requires one operator; 

- Easy, quick maintenance, and 

- The capital cost is not high. 

In view of these advantages and characteristics, the 
type of operations where it is used are: 

- Underground civil engineering; tunnels, under¬ 
ground hydraulic plants, residual deposits, etc., and in 
surface operations; roads, highways, industrial excava¬ 
tions, etc. 


- In underground mines and in small to medium sized 
surface operations. 

2.2 FUNDAMENTALS OF ROTARY PERCUSSIVE 
DRILLING 

Rotary percussion drilling is based upon the combination 
of the following: 

- Percussion. The impacts produced by repeated 
blows of the piston generate shock waves that are tran¬ 
smitted to the bit through the drill steel (in top hammer) or 
directly upon it (down the hole). 

- Rotation. With this movement, the bit is turned so 
that the impacts are produced on the rock in different 
positions. 

- Feed, or thrust load. In order to maintain the contact 
of the drill bit with the rock, a thrust load or feed force is 
applied to the drill string. 

- Flushing. Flushing removes the drill cuttings from 
the blasthole. 

The indentation forming process with which penetra¬ 
tion is achieved in this drilling system is divided into five 
times, as indicated in Fig. 2.2. 

a) Crushing of the rough edges of the rock upon bit 
contact. 

b) Radial cracks appear from the points of stress con¬ 
centration and a V shaped wedge is formed. 

c) The rock of the wedge is pulverized. 

d) The larger fragments are chipped in the zones next 
to the wedge. 

e) The drill cuttings are flushed away. 

This sequence repeats itself with the same impact 
rhythm of the piston upon the system of energy transmis¬ 
sion to the bit. 

The yield of this process increases proportionally with 
the size of the rock chippings. 

2.2.1 Percussion 

The kinetic energy £ f of the piston is transmitted from the 
hammer to the drill bit, through the drill steel, in the form 
of a shock wave. The wave travels at high speed and its 
shape depends basically on the design of the piston. 

When the shock wave reaches the drill bit, part of the 
energy is transformed into work, causing the bit to pene¬ 
trate, and the rest is reflected and returns through the drill 
steel. The efficiency of this transmission is difficult to 
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Table 2.1._ 

Drilling method Drilling diameter (mm) 

Surface Underground 

Top hammer 50-127 38- 65 

Down the hole 75 - 200 100-165 


( P m xA n )'* x! >4 
P M = kx 11 _ t _ — 


m„ 


The percussion mechanism consumes from 80 to 85% of 
the total power of the equipment. 


PERCUSSION 



St=C 


ROTATION 


aZr—' n* 

«{ 


FLUSHING i‘ 

B 

1 


FEED FORCE 


Fig. 2.1. Basic actions in rotary percussive drilling. 


b. C- d. 



Fig. 2.2. Sequence of rock failure during center formation (Hartman, 
1959). 


2.2.2 Rotation 

Rotation, which turns the drill bit between consecutive 
blows, has the function of making the bit strike upon 
different points of the rock in the bottom of the blasthole. 
In each type of rock there is an optimum rotation speed 
which produces larger sized cuttings taking advantage of 
the free area of the hole created with each impact. 

When drilling with insert bits, the most common rota¬ 
tion speeds oscillate between 80 and 150 r.p.m. with 
angles between indentations of 10 to 20°, Fig. 2.3. For 
button bits from 51 to 89 mm, the speeds should be lower, 
between 40 and 60 r.p.m., that bring turning angles be¬ 
tween 5 and 7°. Bits of larger diameters require even 
lower speeds. 


evaluate as it depends upon many factors such as: type of 
rock, shape and size of piston, drill steel characteristics, 
bit design, etc. Another thing to take into account is that 
energy is lost through the sleeves of the rod couplings, 
due to reflection and fricton which is converted into heat 
and wear on the drill steel threads. In the first coupling the 
losses oscillate between 8 and 10% of the shock wave 
energy. 

In down the hole drilling the piston energy is tran¬ 
smitted directly to the bit, giving greater performance. 

In these drilling systems, percussion force is the pa¬ 
rameter that most influences the penetration rate. 

The energy freed per hammer stroke can be estimated 
from the following equations: 

E c = Wm p xv 2 p 

E c=Pm XA p Xl p 

where: m p = Mass of the piston, v = Maximum piston 
speed, p m = Pressure of the work fluid (oil or air) inside 
the cylinder, A p = Surface area of the piston face, 
/ = Stroke of the piston. 

In the majority of hydraulic hammers, the manufac¬ 
turers indicate the impact energy value, but this is not the 
case with the pneumatic hammers. Special care should be 
taken in estimating the p m for these, as it is 30 to 40% 
lower in the cylinder than in the compressor, owing to 
charging and expansion losses of air with each stroke of 
the piston. 

Thus, the hammer power is the energy per stroke 
multiplied by the frequency of strokes n g : 

P M = E c x n g where n g = Kx 

and taking into account the previous equations, the fol¬ 
lowing can be stated: 



2.2.3 Thrust load 

The energy generated by the mechanism of hammer 
blows should be transfered to the rock, for which it is 
necessary to have the drill bit in permanent contact with 
the bottom of the hole. This is achieved with the thrust 
load or pull down, supplied by a pull down motor, which 
should be adapted to rock type and drill bit. 

Insufficient thrust load has the following negative ef¬ 
fects: lower penetration rates, greater wear of rods and 
sleeves, loosening of drill steel threads and heating of the 
same. On the contrary, if the pull down is excessive the 
penetration rate is also diminished, there is increased 


10 - 20 * 






Fig. 2.3. Rotation speed between consecutive blows as a function of 
penetration rate and bit diameter. 
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Fig. 2.4. The effect of thrust load upon penetration rate in top hammer 
drilling. 


rotation resistance, drill steel can become jammed, the 
wear on the bits increases as well as the rotation rate and 
equipment vibrations, and the blastholes can be de¬ 
viated. 

As occurs with rotation, this parameter does not have 
decisive influence on the penetration rates, Fig. 2.4. 

2.2.4 Flushing 

In order to have efficient drilling, the bottoms of the 
blastholes must be maintained clean by evacuating drill 
cuttings as soon as they appear. If this is not done, a large 
quantity of energy will be consumed in regrinding with 
the consequent wear on drill bits and decrease in penetra¬ 
tion, apart from the risk of jamming. 

Blasthole flushing is carried out with a flow of air, 
water or foam that is injected by pressure to the bottom 
through an opening in the center of the drill steel and 
flushing holes in the drill bits. 

The cuttings are removed up through the space be¬ 
tween the rod and the blasthole walls, Fig. 2.5. 

Flushing with air is used in surface operations, where 
the dust produced can be eliminated by means of dust 
collectors. 

Water flushing is mostly used in underground drilling, 
which also keeps dust down, although it reduces perfor¬ 
mance by about 10 to 20%. s 

Foam is used as a complement to air as it helps bring 
large particles up to the surface and also acts as a sealer 
for blasthole walls when drilling through loose material. 

The velocity of air flow for efficient cleaning with air 
goes from 15 to 30 m/s. The minimum velocities for each 
case can be calculated from the following equation: 

v a = 9,55 x x d°- 6 

Pr+ 1 

where: v a = Velocity of air flow (m/s), p r = Rock density 
(g/cm 3 ), d p = Diameter of the particles (mm). 

Therefore, the flow that should be supplied by the 
compressor is: 

v x (D 2 - S) 

Qa= — -' 

1.27 

where: Q a = Flow (m 3 /min), D = Blasthole diameter, 
d = Diameter of the rods (m). 

When water is used for flushing, the velocity of air 


FLUSHING 

FLUID 


"i 


I 


c 
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Fig. 2.5. Principle of flushing. 


flow should be between 0.4 and 1 m/s. In these cases the 
pressures are maintained between 0.7 and 1 MPa, to keep 
the flow from entering into the hammer. 

When using air with top hammers, it is not common to 
have a high pressure compressor for flushing alone. Only 
in down the hole hammer drilling is a high pressure 
compressor used (1 - 7 MPa) because the percussion 
power is increased along with the flushing of cuttings. 

An important factor to remember when estimating the 
flushing flow is that of charging losses produced due to 
the narrow conducts through which the fluid must pass 
(flushing needle, drill steel holes) as well as along the drill 
string. 

In Table 2.2, the flushing velocities for top hammer 
drilling are indicated as function of air compressor flow 
and drill steel diameter. 


2.3 TOP HAMMER DRILLING 

This drilling system can be qualified as the most conven¬ 
tional or classic, and although its use by pneumatic drive 
was limited by the down the hole and rotary equipment, 
the appearance of the hydraulic hammers in the sixties 
has given a new boost to this method, complementing and 
widening its field of application. 

2.3.1 Pneumatic drilling rigs 

Hammers driven by compressed air basically consist in: 

- A cylinder with a front cover that has an axial 
opening where the rotation chuck goes, as well as a 
retaining device for the drill rods. 

- The piston that alternately strikes the drill steel 
shank through which the shock wave is transmitted to the 
rod. 
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- The valve that regulates the passage of compressed 
air in a pre-set volume and in alternating form to the front 
and back of the piston. 

- A rotation mechanism, that can be a spirally fluted 
rifle bar or of independent rotation. 

- A flushing system that consists in a tube that allows 
the passage of air to the inside of the drill steel. 

These elements are common to all the types of ham¬ 
mers on the market, with only a few design characteristics 
that differ: diameter of the cylinder, length of the piston 
stroke, distribution valves, etc. The following describes 
the working principle of a pneumatic hammer, Figs. 2.6 
to 2.12. 

1. The piston is at the end of its return stroke and is 
ready to start its working stroke. The air, at line pressure, 
fills the backhead (1) and passes through the back supply 
port (2) into the cylinder (3). The air pushes the piston 
forward, beginning the working stroke. Meanwhile, the 
cylinder front end (5) is at atmospheric pressure since the 
exhaust port (6) is open. 

2. The piston (4) continues to accelerate forward, dri¬ 
ven by the line pressure, until the leading edge (7) of the 
pistons control head shuts off the entrance of compressed 
air. The air confined in the back end of the cylinder (3) 
starts to expand and contiunes to drive the piston forward. 
Note that the piston flange (4) closes the exhaust port (6) 
and that the front end is still at atmospheric pressure. 

3. The air confined at the back of the piston (3) con¬ 
tinues to expand until the back edge of the piston flange 
starts to uncover the exhaust port (6). Remember that the 
piston control head (7) has already shut off the com¬ 
pressed air entrance, so that no compressed air will be 
wasted when the exhaust port is opened. 

Up front, the piston has trapped air that was a atmophe- 
ric pressure (5), and has now compressed it to slightly 
above atmospheric pressure. 

4. The piston continues to move forward because of its 
momentum until it strikes the drill shank steel. Now, the 
back edge of the piston flange (8) has uncovered the 
exhaust port (6) and the air in the back end is exhausted 
into the atmosphere. While this was going on, the back 
edge (10) of the control head opened the front supply port 
admitting compressed air to the front end (5) driving the 
piston back on the return stroke. During this stage there is 
compressed air pushing against the piston from the front 
end (5) and also pushing against the back end (10). The 
front surface area is much larger than the back (10) so the 
piston moves towards the rear. 

5. The piston is accelerated back on the return stroke, 
until the back edge of the control head (10) covers up the 
front air supply port. The air up front then continues to 
push the piston back. 

6. The piston continues to accelerate backwards while 
the air in the front end (5) expands until the front end of 
the piston flange (11) uncovers the exhaust port, trapping 
the air in the back end of the cylinder and compressing it 
to a pressure slightly more than atmospheric. Note than 
the front edge of the control head (7) is just about to open 
the back supply port. 


6 6 3 2 



6 4 3 7 




Fig. 2.8. The back edge of the piston flange uncovers the exhaust port. 



Fig. 2.9. The piston compresses the air in front of it. 
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Table 2.2. 


Flow (m 3 /min) 

3.2 

5.2 

6.5 

6.5 

9.3 

9.3 

9.3 

9.3 

Rod diameter (mm) 

32 

38 

38 

45 

45 

51 

87 

100 

Coupling diameter (mm) 

45 

55 

55 

61 

61 

72 

- 

- 

Flushing hole diameter (mm) 

12 

14 

14 

17 

17 

21 

61 

76 

Blasthole diameter 

Flushing 

air velocity (m/s) 






51mm (2") 

42 

- 

- 

- 

_ 

— 

- 

- 

64 mm (2 V) 

22 

42 

52 

- 

- 

- 

- 

- 

76 mm (3") 

15 

25 

32 

37 

50 

- 

- 

- 

89 mm(3V) 

- 

17 

21 

24 

27 

36 


- 

102 mm (4") 

- 

- 

15 

17 

22 

24 

68 

- 

115 mm (4V) 

- 

- 

- 

12 

17 

18 

34 

69 

127 mm (5") 

- 

- 

- 

- 

13 

15 

19 

34 

140 mm (5 V) 

- 

- 

- 

- 

- 

- 

16 

21 

152 mm (6") 

- 

- 

- 

- 

- 

- 

- 

15 


Table 2.3. Mean characteristics of pneumatic 
hammers. 

Relationship piston diameter/Blasthole diameter 1.5-1.7 

Piston stroke (mm) 35-95 

Frequency of Blows (blows/min) 1500-3400 

Rotation velocity (r/min) 40-400 

Relative air consumption (m 3 /min. cm. diameter) 2.1 -2.8 


7. The return stroke finishes when the back supply port 
is fully open, allowing compressed air to enter behind the 
piston. This has a cushioning effect, bringing the piston to 
a gentle stop, and at the same time prepares the piston for 
a new working stroke. 

Some of the typical characteristics of this equipment 
are indicated in Table 2.3. 

The drilling lengths reached with this system do not 
usually go over 30 m, owing to important energy losses in 
transmission of the shock wave and blasthole deviations. 

As mentioned before, drill steel rotation can be ob¬ 
tained by two different procedures: 

a) With spirally fluted rifle bar or ratchet ring, and 

b) With an independent motor. 

The first group is commop in light drilling rigs, whe¬ 
reas the second is used for large diameter blastholes 
where higher performance is necessary. 

In rotation by fluted rifle bar, the piston has a tubular 
shape and surrounds the bar by means of a rifle nut. The 
bar is connected to the static components of the hammer 
with rachets, Fig. 2.13. The front end of the piston has 
splines that fit into those of the rotation chuck. This 
makes the piston, in its return stroke, turn in the same 
direction as the drill steel. The rifle bars come in different 
pitches, so that every 30,40 or 50 strokes a complete turn 
is obtained. 

In rotation by rachet ring, the front end of the piston has 
splines that register in the chuck bushing, which is in¬ 
ternally linked with the rachet ring. Also, in this case, the 
drill steel only turns during the return stroke of the 
piston. 

The second procedure, which is the most widely used, 
has a separate motor mounted outside the pneumatic or 
hydraulic hammer. Its advantages are: 

- With a piston of the same size the hammer receives 
more energy, because when the rifle-bar is eliminated the 


working surface area of the piston on which the com¬ 
pressed air acts is increased. 

- More power which allows working with larger di¬ 
ameters and lengths. 

- The percussion and rotation can be adapted to the 
type of rock to be drilled. 

- Increased drilling yield. 

This type of drills have cylindrical gearing to transmit 
the rotation movement to the drill steel, Fig. 2.14. 

The field of application of top hammer pneumatic rock 
drills is turning more and more to short blastholes with 
lengths between 3 and 15 m, blastholes of small diameter, 
from 50 to 100 mm, hard rocks and areas of difficult 
access. This is due to the large consumption of com¬ 
pressed air, about 2.4 m 3 /min for each centimeter of 
diameter, and to the great wear on accessories, drill steel, 
sleeves, bits, etc., to the frequency of blows and shape of 
the shock wave transmitted with large diameter pistons. 

However, pneumatic rock drills still give numerous 
advantages: 

- Simplicity, 

- Reliability and low maintenance, 

- Easy repair, 

- Low capital cost, and 

- Possibility of using the existing compressed air 
installations for underground operations. 

2.3.2 Hydraulic rock drills 

At the end of the sixties and beginning of the seventies, a 
great technological advance took place in rock drilling 
with the development of hydraulic hammers. 

A hydraulic drill is composed basically of the same 
elements as the pneumatic, Fig. 2.15. 

The most important difference between both systems 
is that instead of using compressed air as an energy 
transmission medium, this has been replaced by a more 
efficient medium, hydraulic oil, which is pumped around 
the circuits by gear or piston pumps, driven by a diesel 
engine or electric powerpack. 

The following describes the working principle of a 
hydraulic top hammer drill used in surface drilling, Figs. 
2.16 to 2.19. 




FLUSHING TUBE 























Fig. 2.15. Cross-section of a hydraulic rock drill (Atlas Copco). 


1. The piston is shown at the front end of its stroke. 
The hydraulic oil enters the rock drill through the high 
pressure port (1) and flows into the front part of the 
cylinder (2). It forces the piston backwards and at the 
same time enters the distributor chamber (3) pushing the 
distributor (4) to the rear position. Part of the oil delivery 
enters the high pressure accumulator (5) compressing its 
nitrogen and thus accumulating energy. In this position 
the oil in the rear part of the cylinder escapes through the 
port (6) to the return port (7). The low pressure accu¬ 
mulator (8) functions similarly to prevent shock loads in 
the return hoses. 

2. When the piston has travelled so far that the edge (9) 
has covered the ports (6), port (10) will have opened and 
pressure acting on the high pressure side stops the piston. 
Pressure shock caused by the piston is absorbed in the 
accumulator (5). After this, edge (11) uncovers ports (12) 
and the pressurized oil in the distributor chamber escapes 
to the return line. Before this, edge (13) prevents oil flow 
to the distributor chamber, and the pressure in the front 
part of the cylinder forces the piston backwards. 

3. As the pressure in the distributor is reduced, the high 
pressure prevailing against the rear face of the distributor 
(4) forces it forward, thus covering the escape ports (6). 
In this position the oil can flow to the rear part of the 
cylinder through a pressure port (14) between the distri¬ 
butor and the body. At the same time the oil can flow 
through port (10) to the cylinder. 

4. The piston moves forward due to the imbalance of 
forces prevailing in the front and rear parts of the cy¬ 
linder. At the same time the HP-accumulator (5) dischar¬ 
ges oil to the HP line thus increasing the oil flow to the 
cylinder. Shortly before percussion of the piston, edge 
(12) allows oil to flow towards the distributor chamber 
and the imbalance of forces between distributor faces 
moves the distributor to the rear position, closing the oil 
supply to the rear part of the cylinder. After the instant of 
percussion, the return cycle of the piston begins as 
described before. 

Although in the beginning these drills were mostly 
used in underground operations, as time went by they 
began to appear in surface drilling as a complement to the 
pneumatic drills. 



Fig. 2.16. The piston is at the front end of its stroke. 



Fig. 2.17. The piston moves backwards. 



Fig. 2.18. The piston in rear position. 



Fig. 2.19. The piston moves forward. 
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Table 2.4. Mean characteristics of hydraulic top hammer drills. 


Work pressure (MPa) 7.5-25 

Impact power (kW) 6-20 

Frequency of blows (blows/min) 2000-5000 

Rotation velocity (r/min) 0-500 

Maximum force (Nm) 100-1800 


Relative air consumption (m 3 /min cm. diameter) 0.6-0.9 


Table 2.5. 


Diameter of the drill steel (mm- 
inches) 

Output power of the drill (kW) 

25.4-1" 

8-12 

31.7-1 W 

10-14 

38.1-1 W 

14-16 

44.5-lV 

16-18 

50.8-2" 

18-22 



HYDRAULIC TOP DRILL STEEL 

HAMMER PISTON 



DRILL STEEL 

PNEUMATIC TOP 
HAMMER PISTON 


The characteristics of these drills is shown in Table 2.4. 
Depending upon the output power of the rock drill, the 
drill steel size can be chosen. Table 2.5, can be taken as a 
general guideline. 

The reasons for which hydraulic drilling is technolo¬ 
gically better than pneumatic are the following: 

- Lower energy consumption. Hydraulic drills work 
with fluids at much higher pressures than the pneuma¬ 
tically driven and, also, there is not as much pressure fall. 
Energy produced by hydraulic power is more efficient 
and costs one-third of that obtained with pneumatic dril¬ 
ling. 

- Lower drilling accessory costs. Energy transmission 
in hydraulic rock drills is carried out by means of pistons 
that are longer and with smaller diameters than those 
corresponding to pneumatic drills. Drill steel fatigue 
depends upon its sections and the piston size because, as 
observed in Fig. 2.20, the shape of the shock wave is 
much clearer and uniform in hydraulic drills than in 
pneumatic, where stress levels are very high, producing 
steel fatigue and a series of low energy secondary waves. 
In practice it has been proven that the life of drill steel is 
prolonged by 20% in hydraulic drills. 

- Greater drilling capacity. Owing to better energy 
transmission and wave shape, the penetration rates of 
hydraulic drills are 50 to 100% more than those of pneu¬ 
matic equipment. 

- Better environmental conditions. The noise levels in 
a hydraulic rock drill are noticeably lower than those 
generated by the pneumatic, owing to the absence of air 
escape. This mainly takes place in low frequency fields 
where protective earplugs are less efficient. 

Apart from this, in underground operations the cloud 
of water and oil is not produced, improving the atmos¬ 
phere and the visibility of the operator. On the other hand, 
hydraulic drive allows a more ergonomic design of the 
equipment, making the general work conditions and safe¬ 
ty much more favorable. 

- More operative flexibility The pressure that drives 
the system in the drill can be varied, as well as the energy 
per blow and percussion frequency. 

- Much easier to automatize. This equipment is much 


- ENERGY CONTENT OF A BLOW 


A - ACCEPTABLE STRESS LEVEL 
B - EXCESS STRESS (CAUSES DRILL STEEL FATIGUE) 

Fig. 2.20. Shape of shock wave and energy level in top hammer 
drilling. 



-PNEUMATIC DRILL WITHOUT SILENCER 

- PNEUMATIC DRILL WITH SILENCER 

-HYDRAULIC DRILL 

Fig. 2.21. Lower noise level produced by hydraulic rock drills. 


more suitable for automatization of operations, such as 
changing drill steel, anti-jamming mechanisms, etc. 

On the other hand, the problems that arise are: 

- Higher initial investment. 

- More complex and costly repairs than for pneumatic 
drills, requiring better organization and preparation of 
maintenance personnel. 
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2.4 DRILLING WITH DOWN THE HOLE 
HAMMER 

These rock drills were developed in 1951 by Stenuick, 
and since then they have been widely used in surface 
operations with rocks of medium strength, and with di¬ 
ameters of 105 to 200 mm, although there are models 
which reach 915 mm. 

The extension of this system to underground opera¬ 
tions is quite recent, as it has become popular in this 
sector since 1975 on with the new Long Blasthole and 
Inverted Craters methods. 

At the moment, in surface operations this drilling 
method is indicated for hard rocks and diameters above 
150 mm, in competition with rotary drilling, owing to the 
strong development of hydraulic top hammer equip¬ 
ment. 

The functioning of a down the hole hammer is based 
upon the fact that the piston delivers full impact directly 
on the drill bit. The driving fluid is compressed air that is 
supplied through a tube which serves as support and 
makes the hammer turn. The rotation is carried out by a 
simple pneumatic or hydraulic motor mounted on the 
surface rig, as also occurs with the feed motor, Fig. 2.22. 

Flushing is carried out with the exhaust air of the 
hammer through the holes in the drill bit. 

The blow frequency for down the hole hammers is 
usually between 600 and 1.600 blows per minute. 

Today’s down the hole hammer design is much simpler 
than the original one which had a butterfly valve incorpo¬ 
rated to direct the air alternately to the top part of the 
piston. The valveless hammers are operated through ribb¬ 
ings or projections of the piston itself, allowing an 
increase in blow frequency, lowering air consumption 
and risk of dieselization. 

To avoid entry of water, through effect of the hydraulic 
pressure, the hammers can have an anti-return valve 
installed in the air entry port. 


0 . 



1. HAMMER ROTATION MOTOR 

2. TUBE CLAMP 

3. FEED MOTOR 

4. COUPLING 

6. FEED TUBES 

6. HAMMER 

7. DRILL BIT 


Fig. 2.22. Diagram of the components of a down the hole drilling rig. 




Fig. 2.23. A typical down the hole hammer (Atlas Copco). 
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AIR PRESSURE (MPa) 


Fig. 2.24. Penetration rate and air pressures for different down the hole 
hammers. 


The relationship stroke/diameter of the piston in top 
hammers is under or equal to 1, but in down the hole 
hammers, as the piston sizes are limited to the blasthole 
diameter, in order to obtain sufficient energy per blow, the 
relationship is around 1.6 to 2.'5 for small diameters, and 
nearer to 1 for the large. 

If the output power equation for a rotary-percussive 
drill is analyzed: 



where: p m = Air pressure acting on the piston, 
A p = Effective area of the piston, / = Piston stroke, 
m p = Piston mass. 

It can be seen that air pressure is the parameter that has 
most influence on the penetration rate obtained with a 
down the hole hammer. 

Nowadays there are valveless rigs that operate at high 
pressures, 2 to 2.5 MPa, with excellent yields. 

In order to avoid void percussion, the hammers usually 
have a protection system that closes the air supply to the 
cylinder when the bit is not in contact with the rock in the 
bottom of the hole. 

The drill bits are connected to the hammer by two 
systems: first, like a bayonet, the bit is inserted in the 
hammer and turned, usually to the left, which locks it in 


Table 2.6. 


Type of rock 

Rotation velocities (r/min) 

Very soft 

40-60 

Soft 

30-50 

Medium 

20-40 

Hard 

10-30 


place: the second is by using retaining elements such as 
half-rings. 

When a rock formation with the presence of water is 
drilled, a compressor should be available with sufficient 
air pressure to evacuate it when necessary. If not, the 
weight of the water column will reduce performance. 

As to the pull down force that should be applied to 
maintain the drill bit in possible contact with the rock, a 
good rule of thumb is to come close to 85 kg per centi¬ 
meter of diameter. Excessive thrust will not increase 
penetration; it will accelerate wear on the bit and put a 
heavier load on the rotation system. When drilling at high 
pressure, an additional feed force is needed in the beginn¬ 
ing to overcome the effect of counter pressure from air in 
the bottom of the hole. The contrary happens when there 
is great depth and the number of tubes such that they go 
over the recommended weight. In this instance the 
operator must control the retention and rotation to main¬ 
tain optimum thrust upon the drill bit. 

The rotation velocities recommended in function with 
the type of rock are indicated in Table 2.6 

A good rule is to adjust the rotation velocity to that of 
the advance with the following equation: 

Rotation velocity (r/min) = 

1.66 ■ Penetration rate (m/h) 

Apart from air, water can be used as flushing fluid, as well 
as injected foam. The latter has various advantages be¬ 
cause it gives good results in large diameters with in¬ 
sufficient air, with low upward velocities (up to 0.77 
m/s), and provides wall stability in soft formations. This 
method is especially indicated for water well drilling in 
unconsolidated ground. 

Lubrication of down the hole hammers is of vital 
importance. Oil consumption varies with different 
models, but as a general rule 1 liter of oil per hour for 
every 17 m 3 /min of air flow supply is recommended. 
When drilling at high pressure a minimum consumption 
of 1 liter/hour is suggested. If water or foam is used for 
flushing, the amount of oil should be increased. 

As to tube dimensions, they should have a size that 
permits proper waste evacuation through the ring of 
space that is left between them and the blasthole wall. The 
recommended diameters as funtion of the drilling cali¬ 
bers are indicated in Table 2.7. 

The advantages of down the hole drilling, in compari¬ 
son to other systems, are: 

- The penetration rate remains practically constant as 
the hole deepens, Fig. 2.25. 

- There is less wear on the bit than in top hammer 
drilling, due to the flushing air that passes directly 
through the bit, cleaning the bottom of the blasthole 
efficiently and ascending through the small ring of space 
between the tube and blasthole wall. 
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Table 2.7. 

Drilling diameter (mm) 

Tubing diameter (mm) 

102-115 

76 

127-140 

102 

152-165 

114 

200 

152 




N°. OF STEEL 

Fig. 2.25. Variation of the penetration rate with the number of steel in 
top and down the hole hammers. 


- Longer tube life than that of the rods and sleeves. 

- Very small blasthole deviation, making it ideal for 
longhole drilling. 

- The lower energy per impact and the high blow 
frequency favors its use in decomposed formations or 
with unfavorable bedding. 

- Less rotary torque'needed than in other drilling 
methods. 

- No loading bars are necessary and with small rigs it 
is possible to drill large diameter holes at great depths. 

- The cost per lineal meter in large diameters and hard 
rocks is lower than for rotary drilling. 

- Air consumption is lower than with top hammer 
pneumatic drills. 

- The noise level in the work area is lower as the 
hammer is inside the holes. 

On the other hand, the problems are: 

- Low penetration rates. 

- Each hammer is designed for a narrow range of 
diameters, that varies in 12 mm. 

- The smallest diameter is limited by the hammer size 
with an acceptable yield, which at present is around 76 
mm. 

- There is a risk of losing the hammer inside the 
blasthole due to obstructions and detachment of the 
same. 

- High pressure compressors are required with large 
energy consumption. 


Table 2.8. Characteristics of some down the hole hammers. 


Drilling diameter (mm) 

100 

125 

150 

200 

300 

Piston diameter (mm) 

75 

91 

108 

148 

216 

Piston stroke (mm) 

100 

102 

102 

100 

100 

Hammer weight (kg) 

38.5 

68.5 

108 

177 

624 

Air consumption (m 3 /min 
cm) 

4.7 

6.7 

10.1 

17.1 

28.2 

Relationship hole 
diameter/Piston diameter 

1.33 

1.37 

1.39 

1.35 

1.39 

Relative air consumption 
(m 3 /mincm) 

0.47 

0.54 

0.67 

0.86 

0.94 


At present, the down the hole system in the range of 76 
to 125 mm is being replaced by hydraulic top hammer 
drilling. 

In Table 2.8, the technical characteristics for some 
down the hole hammers can be found. 


2.5 ADVANCE SYSTEMS 

As indicated before, to obtain high performance from the 
drills, the bits must be in contact with the rock and in 
proper position at the moment that the piston transmits its 
energy by impact. To achieve this, in manual drilling as 
well as in mechanized, a force should be exerted on the 
drill bit that oscillates between 3 and 5 kN, for small 
equipment, and more than 15 kN for large drills. 

The advance systems can be the following: 

- Airlegs; 

- Chainfeed; 

- Screwfeed; 

- Cablefeed; 

- Hydraulic feed. 

Telescopic airlegs are used in horizontal blasthole dril¬ 
ling as well as for vertical, where they are called stoper 
leg, or column airlegs. 

2.5.1 Airlegs 

Basically, an airleg consists of two tubes, an outer tube of 
aluminium or another light metal, and a inner tube of steel 
that is connected to the jackhammer. The inner tube acts 
as a piston with double effect, controlling its position and 
thrust force with a valve that is connected to the com¬ 
pressed air circuit, Fig. 2.26. 

2.5.2 Chainfeed 

This system consists of a heavy gauge chain that runs 
between two channels and is powered by a pneumatic or 
hydraulic piston type motor, depending upon the fluid 
used to drive the hammer, by means of a worm and a 
wheel type gearbox. 

The chain is attached to a travelling drill mount which 
runs over the top of the channels. 

The advantages of this system, which is widely used in 
surface as well as in underground equipment, are: its low 
cost, easy repair and the possibility of long feed lengths. 
On the contrary, there are some problems, such as: more 
wear in abrasive conditions, danger if the chain breaks 
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Fig. 2.26. Cross section of a pneumatic airleg 
(PadJey & Venables). 




while drilling upwards, and difficulty in obtaining a 
smooth feed when the penetration rate is low. 

2.5.3 Screwfeed 

In this system, the feed thrust i$ produced by the rotation 
of a lead screw run by a piston or gear type air motor. The 
screw has a small diameter in relation with its length and 
is subject to bending forces and vibrations during drilling. 
For this reason, lengths over 1.8 m are not common. 

The principal advantages of this method are: a regular 
and smooth feed force, great resistance to wear, very 
powerful and adequate for deep blastholes, less bulky 
than chainfeeds and safer. 

However, this system also has inconveniencies which 
are: high price, difficult to repair and limited in length. 

2.5.4 Cablefeeds 

In Canada this system is very popular and is mounted on 
special jumbos called Stopewagons. Basically, it consists 
of a hollow light extrusion upon which the drilling 
machine slides. A piston moves inside and is connected at 
each end to a cable that comes out of each end of the 
extrusion through closures or glands. The piston is run 
pneumatically. 

Its advantages are: low price, easy repair, robust and 
long operational life. 


The disadvantages are: limited to small machines and 
short blastholes, the air losses through the glands at the 
end of the extrusion and the danger if the cable breaks. 

2.5.5 Hydraulic feeds 

The rapid development of hydraulics in the last decade 
has widened the use of this type of feed to pneumatic 
drills. 

The system consists of a hydraulic cylinder that moves 
the drill along the support boom. Fig. 2.28. 

Hydraulic feeds give the following advantages: simple 
and robust, precision and easy to control, very powerful 
and capable of drilling deep blastholes and its adaptabil¬ 
ity to a large variety of machines and blasthole lengths. 

To the contrary, the disadvantages are: higher prices, 
requires a separate hydraulic supply, less adaptable to 
percussive drills than to rotary, and wear on the cylinder 
that pushes. 

2.6 MOUNTING SYSTEMS 

In the types of work carried out by drilling equipment, the 
mounting systems can differ depending upon the applica¬ 
tion, either underground or surface. 

In this section, the handheld drills will also be dis¬ 
cussed. 
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2.6.1 Mounting systems for underground applications 

The most commonly used drilling rigs for underground 
labors are the following: 

- Jumbos for driving of tunnels and drifts, cut and fill 
operations, chambers and pillars, etc. 

- Drills for longholes in fan cut for sublevel and 
block-caving operations. 

- Longhole drills for vertical crater retreat systems 
and sub-level open stoping. 

Other units such as the rubber tire wagon drills, and 
crawler drills are described in detail along with the sur¬ 
face machines. 

Special mountings for sinking shafts or drilling raises 
are discussed in another chapter. 

A. Jumbos 

Jumbos are drilling units equipped with one or various 
drill hammers and their principle application in under¬ 
ground labors are: 

- Driving of tunnels and drifts. 

- Bolt hole drilling and cross cutting. 

- Benching with horizontal blastholes. 

- Cut and fill mining. 

The basic components of these rigs are: the translation 
system, the drive system, booms, screw or chain feed and 
hammers, Fig. 2.30. 

These machines can be towed or, more commonly, 
self-propelled. The latter are rubber tire, crawler or rail 
mounted. 

The first is the most used for its great mobility (up to 15 



Fig. 2.29. Jumbo applications. 


km/h), for its resistance to corrosive waters and for the 
least wear over irregular ground. The chasis are articu¬ 
lated in most instances, permitting excavation operations 
with curves. 




Fig. 2.30. Principal components of a Jumbo (Tamrock). 
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The crawler mounted jumbos are used over very bad 
terrain, narrow drifts, with high slopes (15 to 20°) and few 
curves, Fig. 2.31. 

The jumbos mounted on rails, which are rarely used 
nowadays, find application when the work is: of great 
length, small section, poor ventilation and the loading 
and haulage equipment is also mounted on rails. With 
these rigs it is imperative that from each position the 
jumbo can drill all of the forseen blastholes. Fig. 2.32. 

The sources of energy can be: diesel oil, electric or 
compressed air. The diesel engines that drive the rolling 
mechanism, by mechanical or hydraulic transmission, 
can also be used to operate all the drilling elements, 
including the compressor and hydraulic units. This 
system is used in small projects and where there are no 
contamination problems. It is more often found that the 
diesel motor is used to move the rig from place to place 
and an electric motor to operate the drilling equipment. In 
this case an electrical installation is necessary to distri¬ 
bute the energy. Compressed air is only used when there 
is a network in good condition, otherwise this system is 
rejected. 

The booms of modem jumbos are hydraulically ope¬ 
rated and there is great variety in design, but they can be 
classified in the following groups: tripod type, base rota¬ 
tion or roll-over boom. The coverage and work possibili¬ 
ties of the jumbos depend upon the number of cylinders 
and movement of the boom, for which the choice of 
booms is a very important aspect, above all in civil 
engineering, more than in mining, as the work is more 
varied. 

There are also booms with telescopic extension that 
can be extended from 1.2 to 1.6 m. 

The number and size of the booms goes in hand with 
the required advance, tunnel section, and drilling control 
to avoid subdrilling. 

The following should be observed as general criteria: 
the number of blastholes to be drilled should be approxi¬ 
mately the same for each boopi, the overlapping area of 
each boom should not be more than 30%, and the blast- 
hole drilling order should be such as to permit the least 
moving time possible for the booms. 

In order to calculate the number of booms per jumbo 
and operator and their work output, the following for¬ 
mulas can be used: 


Lxe 

N.= —-- 

VP x t 

m 


p. = 


60 x L v x N b x e 
L„ x t. L„ 


L 


+ r m + 

m 


VP 


where: N b = Number of booms per operator, P. = Pro¬ 
duction capacity per operator (m/h), L v = Length of 
single pass feed (m), VP = Penetration rate (m/h), 
t m = Retract, repositioning of the rod and collaring time 
(1-2 min), t b = Bit change time (1.5 - 3 min), l b = 
Meters of blasthole per bit (m),e = Operator’s efficiency 
(0.5-0.8). 




Fig. 2.32. Rail-mounted Jumbo (Atlas Copco). 







22 


Drilling and blasting of rocks 


The feeds can be of the type described before, prefe¬ 
rably chain or screw feed. They are lighter than those 
used for surface operations and have an advance motor in 
back to avoid blows. Apart from the end centralizers, 
there are also intermediate centralizers to eliminate bend¬ 
ing of the drill steel, as it is usually very long and thin. 

As it is not normal to add rods for the drilling of a 
round, these can reach 4.20 m in length or even longer. 
When the operator has to control several blastholes, the 
feed control can be automatic with detention of drilling at 
a prefixed depth or the hammer reaches the end of its 
stroke on the feed. It is also normal to install an automatic 
system of parallelism to eliminate deviations through 
angulation errors, and a medium power collaring device. 

The drills are usually rotary-percussive or rotary, 
depending upon the type of rock to be blasted, the drilling 
diameter and the required output. These drills differ from 
those of surface operations in that they have a lower 
profile to be able to correctly drill the contour blastholes 
without an excessive inclination which would produce 
saw tooth irregularities. For this reason, the rotation 
systems of the hammers usually go in the opposite posi¬ 
tion of those on the surface, remaining inside the feeds. 

The drilling diameters depend upon the section of the 
tunnels or drifts, and for a rock of medium to hard 
strength they can be established as indicated in Table 
2.9. 

As for these diameters the drill steel, whether of fixed 
length or extendable, has diameters between 25 and 37 
mm, the underground drills are much lighter than those 
for surface operations with lower energies per blow and 
higher impact frequencies. 

The hammers tend to be hydraulically operated, substi¬ 
tuting the pneumatic, for all the advantages described 
before, to which must be added a lower contamination by 
oil mist and the elimination of ice problems in the ex¬ 
hausts. 

Portal jumbos are used for the drilling of large tunnels 
or chambers, Fig. 2.35. These structures are designed for 
a specific job and have an opening, or portal, through 
which the loading and haulage equipment can pass to 
remove the blasted material. The advantage is that the 
jumbo does not have to be pulled out of the way, only 
moved to a safe distance when blasting. 

These jumbos can have several booms, as well as the 
man baskets that are operated hydraulically to give easy 
access to the blasters when charging the holes or during 
support operations. 

B. Longhole fan drilling 

In underground metal mining the method known as 
sublevel caving is frequently used. For breakage with 
explosives, precision blastholes of 20 to 30 m must be 


Table 2.9. 

Section to be excavated (m 2 ) 

Drilling diameter (mm) 

<10 

27-40 

10-30 

35-45 

>30 

38-51 



Fig. 2.35. Portal type jumbo (Tamrock). 


drilled, in fan pattern on a vertical or inclined plane, and 
can be done either upward or downward. 

In the beginning, pneumatic hammers were used with 
diameters between 50 and 65 mm. The drilling outputs 
and breakage productivity were quite low. 

The equipment still in use have hammers mounted 
upon feeds, usually screwfeed, that are held by a balance 
beam or crowns anchored to a transveral bar that gives 
coverage to a whole fan drilling pattern from one posi¬ 
tion. 

The smallest rigs are installed on a roller or skid that is 
connected to a control pannel, and the medium sized are 
mounted on self-propelled pneumatic wagons. 

The units have remote control for the drills, as well as 
the line greasers and support devices on the excavation 
walls to avoid unnecessary movement of the rig. 

Lately, the use of hydraulic hammers and heavy drill 
steel has permitted the use of 102 to 115 nun diameters, 
making these work methods interesting again, as they had 
lost ground when compared to other alternatives such as 
vertical crater retreat or sub-level open stoping. 

The largest equipment has an electrohydraulic drilling 
system similar to that of the jumbos on rubber tyres, and a 
diesel motor for translation, which can even operate the 
hydraulic power unit. 

The frames are usually rigid and mounted on crawlers 
or rubber tyres, although articulated units on tyres also 
exist. The feeds vary according to the manufacturer and 
can be chain, screw or telescopic cylinder. These feeds 
can be moved laterally to drill parallel blastholes, or turn 
through 360° for fan drilling patterns. 

In order to achieve a safe and firm positioning during 
collaring and drilling, there are pneumatic cylinders that 
push against roof and floor to anchor the rig. 

C. Drilling large diameter longholes 
The use of the Vertical Crater Retreat (VCR) method and 
its derivative of Long Blastholes, created a revolution in 
metal mining some years ago, as it allows the drilling of 
large diameters and patterns, which means high output 
and productivity, as well as low breakage costs. 

Drilling is carried out with diameters of 100 to 200 mm 
and usually with high pressure down the hole hammers 
with which interesting penetration rates are obtained. 

Although some machines are mounted on rubber tyres, 
the frames with crawlers are used more frequently. The 
main difference between these rigs and those used for 


Fig. 2.38. Underground drilling rigs with down the hole hammer (Ingersoll Rand). 


surface operations are: 

- More compact design with a shorter and more robust 
feed, and the advance system is of hydraulic cylinder or 
chainfeed. 


- They have hydraulic leveling jacks. 

- The rotation head gives excellent rotary torque and 
ample control over the rotation velocity. 

Apart from production blasthole drilling, they are used 
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in other jobs such as: drainage openings, ventilation, 
hydraulic fillings, electric lines, shift and tunnel driving, 
as well as the advance for raises. 

2.6.2 Carrier systems for surface applications 

In surface operations, the carrier systems for drills are: 
light chasis on tyres, crawler wagons and on trucks, Fig. 
2.39. 

The first attempts to mechanize work in quarries cons¬ 
isted in using wagon drills on wheels. These wagons have 
a small u-shaped frame with two fixed wheels and a third 
that revolves with a steering bar which is used as the tow 
bar for transport. The drills are mounted on feeds which 
are attached by clamps to a round bar or transversal 
support positioned at the end of the main boom. They can 
be positioned at any angle by manual adjustment of the 
clamps and can turn on a vertical plane, Fig. 2.40. 

When down the hole hammers are used, the pneumatic 
rotation motor is placed upon the feed. The main incon¬ 
venience of these rigs is the time lost in positioning and 
translation. 

The most popular carrier system is that of crawler 
drills. At present time there are two groups of rigs: 
pneumatic and hydraulic. 

The pneumatic rigs, which are the oldest, have the 
following principal components: 

- Crawler mechanism, 

- Translation motors, 

- Chasis, 

- Auxiliary hydraulic power unit, 

- Advance engine, and 

- Hammer. 

The crawlers are independent and carry a hydraulic 
cylinder in each one which are interconnected to absorb 
the oscillating movement, avoid blows when creeping 
over rough ground and allow drilling from difficult posi¬ 
tions, Fig. 2.42. The height from the ground is an impor¬ 
tant design criterium to overcome obstacles during creep¬ 
ing when changing positions. 



The traction engines are independent and operated 
pneumatically, of piston type, with covered gears con¬ 
nected to controls and disc brakes. 

The hydraulic cylinders of the booms and the feeds are 
operated by a hydraulic pump run by a pneumatic motor. 

The booms of these rigs can be of fixed length or 
extensible and articulated, and they are anchored to a 
place on the frame. In Fig. 2.43, the principal movements 
that can be carried out by the booms and feeds of these 
units are shown. 
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Fig. 2.39. Carrier systems for surface drills. 


1— 1 Heavy - 








Rotary percussive drilling 



HAMMER 


CYLINDER 


MAIN AIR VALVE 


CENTRAL OSCILLATION 
VALVE_ 


CONTROL 

PANEL 


PROPULSION 

MOTOR 


CYLINDER 


MAIN FRAME 


‘CRAWLER TRAIN 
























26 


Drilling and blasting of rocks 



3.- BOOM INCLINATION 


Fig. 2.43. Movements of the boom and feed. 


are usually placed on a rotating boom that allows the 
operator to stand away from the machine and move it 
under safer conditions. 

These rigs have a hook on the back end to pull the 
compressor. 

When down the hole rock drills are used, in order to 
reduce air consumption, they are hydraulically driven in 
the following components: translation motors, advance 
motors, rotation heads and movements of boom and feed. 
The energy savings is high, as indicated in Fig. 2.44. 

The drilling rigs that are totally hydraulic have the 
following advantages: 

- Lower powered installation, therefore lower fuel 
consumption. 

- Robust and compact design which usually carries a 
flushing compressor on board. 

- High transfer speed and excellent maneuverability. 

- Wide range of drilling diameters, from 65 to 125 
mm, with equipment on the market that work between 
200 and 278 mm. 



Photo 2.2. Control pannel for the drill, centralizer and drill steel 
support (Ingersoll-Rand). 
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-1 
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The most sophisticated booms are usually found in 
civil engineering operations, as in mining the jobs are 
more rutinary and over more uniform surfaces. 

The feeds have: an advance motor, a hammer or roll¬ 
over head, controls for drilling, centralizer and support 
for the drill steel. 

When drilling with top hammers these are mounted on 
the feeds; and with down the hole hammers the rotation 
heads are mounted on the feeds. 

The centralizer or clamp-guide assures the proper be¬ 
ginning of the blastholes and makes the changing of drill 
steel possible. 

The control pannel is usually installed on the feed and 
permits selection of the most adequate drilling parame¬ 
ters for each type of rock. 

The controls for the traction engines and towing winch 



DRILLING DIAMETER (mm) 

Fig. 2.44. Energy savings in down the hole pneumatic drills with 
hydraulic drive. 
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Fig. 2.45. Hydraulic rig (Atlas Copco). 


- Possibility of incorporating an automatic drill steel 
rod changer. 

- Drilling rates that are from 50 to 100% higher than 
with pneumatic rigs. 

- Better environmental conditions. 

- Lower drilling costs. 

On the other hand, the following problems exist: 

- Higher capital cost. 

- A more qualified and careful maintenance is re¬ 
quired. 

- More difficult to repair than the pneumatic rigs. 

As far as design goes, they are quite similar to the 


pneumatic rigs; however there are a few differences such 
as: 

- The source of energy is usually a diesel engine, 
although electric units do exist that run the hydraulic 
power unit and the flushing air compressor. 

- The hydraulic pumps, normally four, are of fixed 
flow, although there are pumps with variable flow on the 
market. 

- The maximum hydraulic fluid pressure is usually 
under 20 MPa. 

- They have the following optional elements: dust 
collector, sound-proof and climatized operator cabins, 
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FEED FORCE 



automatic drill steel changers and hydraulic jacks. 

- Most of the manufacturers incorporate an anti¬ 
jamming system, Fig. 2.46. 

- The crawlers have hydraulically adjustable tensors. 

- The traction motors usually are of inclined axial 
piston type with fixed, symmetrical displacement in order 
to be able to turnover in both directions. 

- The feeds have a movable drum for rolling up and 
directing the hydraulic hoses. 

- The hydraulic advance motors have maximum feed/ 
pull out force between 20 and 32 kN, with advance 
speeds of up to 40 m/min. 

- The drill steel guide is hydraulic, as well as its stop. 

- The fuel deposit has sufficient capacity for operation 
during one, or two shifts, in some cases. 

Using a truck as carrier is only done with rotary rigs 
and/or down the hole hammer that has high pressure 
compressors. 

On occasions, small, multi-purpose front end loaders 
are used, with a retro-boom upon which a drill is 
mounted. 

These units are able to drill blastholes of 22 to 89 mm 
in diameter, with integral or extensible drill steel. The 
jobs that are most frequently performed are: secondary 
drilling, ditches, foundations, etc. 

2.6.3 Handheld drills 

Underground and surface handheld drills are, in concept 
and method of work, similar, and only differ in small 
details. 

The handle of the surface drills is open, to hold the 
hammer with both hands, whereas the underground 
model is closed and for only one hand in order to adapt 
the drill to horizontal holes. 

For the first, the operating and flushing is totally pneu¬ 
matic, not so in those for underground where the flushing 
can be carried out with air and/or water. The water 
pressure should always be lower than that of the air to 
avoid flooding the hammer. 

Handheld drills are normally fitted with a latch-type 
retainer for the drill steel. They are of integral type with 
drilling diameters of 22 to 45 mm and lengths of 400 to 
6400 mm. 



The designs differ in the valve systems utilized, either 
rocker or tubular, and the rotation mechanism, whether 
fluted rifle bar or ratchet wheel. In function with weight, 
they can be classified as light, medium or heavy (20, 30, 
or 40 kg). The air consumption oscillates between 50 and 
100 1/s and the piston sizes and their length of stroke 
varies between 65 to 80 mm and 45 to 70 mm, with a blow 
frequency of 30 to 50 per second. 

Mufflers, or silencers, can be placed around the casings 
of the cylinders to absorb the exhaust noise; they hardly 
affect the drilling rates and they reduce the noise level by 
some 7dB. 

The most important applications in surface operations 
are: pop and toe shooting, drilling in small size opera¬ 
tions, demolitions, etc. In underground projects, apart 
from secondary drilling, they are used for production 
drilling and also in small cross section tunnels and drifts 
of short length, where an investment in mechanized 
equipment is not justified. In these cases it is normal to 
work with airlegs for horizontal drilling and with advance 
cylinders when the holes are vertical. 

2.7 DUST COLLECTORS 

The elimination of dust during drilling is carried out for 
two reasons; one, to improve work conditions, and two, 
to increase productivity. 

Drilling dust, especially if the rock has a high silica 
content and its size is under 0.005 mm, constitutes a risk 
for operators, thus many countries have safety and health 
regulations that make its elimination obligatory. 

Other technical and economical reasons that justify the 
use of dust collectors are: 

- Lower maintenance of the motor-compressor equip¬ 
ment, giving higher mechanical output. 

- Higher drilling rate (about 2 to 10% more), due to 
the fact that the cuttings are removed from the blasthole, 
therefore avoiding their regrinding. Besides, the operator 
can be closer to the controls of the machine, increasing 
the efficiency and control of drilling. 

- The drilling costs are lower, because of higher out¬ 
put as well as less wear on the bits. 

- There is the possibility of taking samples of the 
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drilled rocks in order to control the laws and planning. 

At present time, all drilling equipment can be used with 
dust collectors, including handheld drills (jackhammers). 
This has noticeable advantages over the systems of water 
injection, or water with foam, which are only justified 
when water is present in the rock formations. 

Dust collectors basically consist of: 

- A suction head that is placed on the surface at the 
blasthole collar where the dust is aspirated and sent 
through the suction hose to the separation and filter unit. 

- A system of separation and filtering. It is carried out 
in two stages: first with cyclone, where bigger particles 
and most of the dust is separated by means of centrifugal 
force, and secondly, the filtering is carried out that retains 
the dust particles under 5 pm. 

- A depression or partial vacuum system, with a fan 
placed behind the filter unit that is operated by hydraulic 
or electrical energy, or pneumatically on occasions. 



Fig. 2.48. Dust collection system (Atlas Copco). 


The suction head has two openings: one on top to allow 
passage of the drill steel, and another larger one on the 
bottom where the flushing air passes with the cuttings and 
dust. The design of the suction head collector should 
avoid the escaping of any air when the drill dust expands. 
This is achieved in small equipment by the suction of the 
fan, and in large equipment by an ejector of compressed 
air that increases the suction capacity. 
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The small collectors have tubular filters with interior 
retention, whereas in the larger ones the filters are flat 
with exterior retention. 

The cleaning of the filters is carried out regularly and 
automatically with each change of steel or drilling tube. 
The tubular filters are cleaned with a vibrator that makes 
them shake, and the flat filters with pneumatic blowing 
impulses. 

The dust can be collected in bags or deposited directly 
on the bench surface. 


2.8 INCLINATION INSTRUMENTS 

Recently, a series of devices have been developed, with 
the common name of inclination instruments, which are 
used for controlling the direction of the blastholes. Their 
benefits are: 

- Increase in productivity as less time is invested in 
positioning the feeds. 

- Less margin for error in drill alignment which al¬ 
lows larger drilling patterns and deeper blastholes, reduc¬ 
ing the powder factor while maintaining fragmentation, 
and diminishing subdrilling and maintenance costs. 

There is a large variety of models that go from the 
mechanical, through optical and on to the electronic that 
are the ones most used in underground jobs. Among the 
most well known are: DIT-70 of Atlas-Copco, Inklinator 
of Transtonic, Inogon, etc. 


- Percussion power of the drill; 

- Blasthole diameter; 

- Thrust or feed load on the bit; 

- Drilling length; 

- Flushing of the blasthole; 

- Design of the rig and work conditions, and 

- Efficiency of the operation. 

For a given rig, the penetration rate can be predicted 
through the following procedures: 

- Extrapolation of the data obtained from other work 
conditions; 

- With empirical equations; 

- Through laboratory tests taken from representative 
samples. 

The last method is the most precise and trustworthy 
and will be discussed in more detail. 

2.9.1 Extrapolation of data 

When the penetration rate is known for a given diameter, 
others can be estimated for the same rig and a smaller or 
larger diameter by using Table 2.10. 

For example, if when drilling at 76 mm an instant 
penetration rate of 36 m/h is obtained, when at 102 mm 
the rate will be approximately 36 x 0.65 = 23.4 m/h. 

Analytically, the correction coefficient can be calcu¬ 
lated from the following equation: 



2.9 PENETRATION RATE 

The penetration rate for a rotary-percussive rig depends 
upon the following factors: 

- Geomechanics, mineralogical characteristics and 
abrasiveness of the rocks. 



Fig. 2.49. Inclination device. 


2.9.2 Empirical equations 

One equation that is used to estimate the penetration rate 
in a rock type, such as Barre Granite of Vermount (USA), 
and taken as a pattern, is as follows: 

POT 

VP (m/min) = 31 - 

D 14 

where: POT = Kinetic output power available in hammer 
(kW), D = Diameter of blasthole (mm). 

Therefore, as an example, a hydraulic hammer with a 
power of 18 kW that is drilling 100 nun diameter blast- 
holes would achieve a penetration rate, in Barre Granite, 
of 0.88 m/min. 

For rocks with a compressive strength above 80 MPa, 
and when drilling with valveless down the hole hammers, 
the following equation can be applied: 

yp = 43 X p£ d2 

RC^ rc ’xD 2 xD 1/ ° 

where: V = Penetration rate (m/h),p m = Air pressure at 
hammer entrance (pounds/inches 2 ), d = Piston diameter 
(inches), D = Blasthole diameter (inches), RC = Uniaxial 
compressive strength of the rock (pounds/inches 2 /100). 
Note: 1 pound/inch 2 = 1.423 MPa, 1 inch = 25.4 mm. 
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Table 2.10. Rate conversions for different diameters. 


Blasthole diameter (mm) 

127 

114 

102 

89 

76 

70 

64 

57 

51 

48 

44 

41 

38 

127 

1.00 

1.17 

1.40 

1.71 

2.15 

2.46 

2.83 

3.31 

3.96 

4.35 

4.82 

5.41 

6.10 

114 

0.85 

1.00 

1.19 

1.45 

1.83 

2.09 

2.41 

2.82 

3.37 

3.71 

4.11 

4.61 

5.19 

102 

0.72 

0.84 

1.00 

1.22 

1.54 

1.75 

2.02 

2.36 

2.83 

3.11 

3.45 

3.86 

4.35 

89 

0.59 

0.69 

0.82 

1.00 

1.26 

1.44 

1.65 

1.94 

2.32 

2.55 

2.82 

3.17 

3.56 

76 

0.46 

0.55 

0.65 

0.79 

1.00 

1.14 

1.31 

1.54 

1.84 

2.02 

2.24 

2.51 

2.82 

70 

0.41 

0.48 

0.57 

0.70 

0.88 

1.00 

1.15 

1.35 

1.61 

1.77 

1.97 

2.20 

2.48 

64 

0.35 

0.42 

0.50 

0.61 

0.76 

0.87 

1.00 

1.17 

1.40 

1.54 

1.71 

1.91 

2.15 

57 

0.30 

0.35 

0.42 

0.52 

0.65 

0.74 

0.85 

1.00 

1.19 

1.31 

1.46 

1.63 

1.84 

51 

0.25 

0.30 

0.35 

0.43 

0.54 

0.62 

0.72 

0.84 

1.00 

1.10 

1.22 

1.37 

1.54 

48 

0.23 

0.28 

0.32 

0.39 

0.49 

0.56 

0.65 

0.76 

0.91 

1.00 

1.11 

1.24 

1.40 

44 

0.21 

0.24 

0.29 

0.35 

0.45 

0.51 

0.59 

0.69 

0.82 

0.90 

1.00 

1.12 

1.26 

41 

0.19 

0.22 

0.26 

0.32 

0.40 

0.45 

0.52 

0.61 

0.73 

0.81 

0.89 

1.00 

0.08 

38 

0.16 

0.19 

0.23 

0.28 

0.34 

0.40 

0.46 

0.54 

0.65 

0.72 

0.79 

0.89 

1.00 


2.9.3 Laboratory tests 

A. Specific Energy Method (US Bureau of Mines) 
The penetration rate is calculated from: 


II x D 2 x E v 

where: VP = Penetration rate (cm/min), P M = Drill 
power (kgm/min), R e = Energy transmission output, 
usually between 0.6 and 0.8, D = Blasthole diameter 
(cm), E v = Specific Energy per unit of volume (kgm/ 
cm 3 ). 

In order to determine the Specific Energy and the 
Coefficient of Rock Strength CRS, it is necessary to carry 
out a simple laboratory test that consists of letting a 
weight drop on a rock of about 15 cm 3 a determined 
number of times and measure the percentage of material 
under 0.5 mm (Paone and others, 1969). The relationship 
between the Uniaxial Compressive Strength and the CRS 
is shown in Fig. 2.50. 

A Relationship also exists between the CRS and the 
Specific Energy E v , which is indicated in Fig. 2.51. 
(Paone, Madson and Bruce, 1969). 

B. Drilling Rate Index (D.R.L) 

The D.R.I. was developed in 1979, in the University of 
Tronheim (Norway). In order to obtain the drilling rate, 
the following tests are carried out with a rock sample of 
15 to 20 kg: 

- Brittleness Test. A representative 500 g fraction cut 
into 11.2 to 16.0 mm pieces from the rock sample are 
subjected to 20 successive impacts of a 14 kg weight that 
is dropped from a height of 25 cm. The process is re¬ 
peated 3 or 4 times and the mean value is taken from the 
percentage of samples under 11.2 mm, called the S 20 
value. 

- Drilling test (Sievers’ J-value). With a miniture drill 
of 8.5 mm in diameter and a 110° bevel angle, subjected 
to a 20 kg thrust on the rock and making it turn 280 
revolutions, 4 to 8 drillings are carried out on each 
sample. The length of the holes expressed in tenths of 
milimeters is called the S-J value. 

The Drilling Rate Index of the rock in question is 


determined by the S 20 and S-J values from the nomograph 
of Fig. 2.54. 

As can be observed, the D.R.I. coincides with the 
brittleness S 20 value when S-J is equal to 10, which 
corresponds to rocks such a granites or the quartzite 
syenites. 

From the data obtained in diverse field investigations, 
nomographs have been designed where the drilling rates 
can be estimated with a given hammer, drilling a rock that 
is characterized by its D.R.I., and working with a deter¬ 
mined diameter. 

C. Drillability Index I p 

This test is carried out in the High Technology School of 
Mining Engineers, Madrid (E.T.S. de Ingenieros de 
Minas de Madrid), and its purpose is to reproduce the 
actual phenomenon of rotary percussion by using an 
electric drill that slides along a frame and exerts constant 
thrust on the rock to be studied. 

The samples, that are the size of a fist, are prepared by 
polishing flat surfaces and then setting them in a pot filled 
with plaster to hold them in place, with the flat surface 
parallel to the base. 

The drill has a diameter of 9.5 mm and 3 or 4 holes are 
made in 3 to 5 seconds, controlled by an electric tempo¬ 
rizer. The dust produced is eliminated by blowing with 
compressed air. 

After testing, the length of the holes are measured with 
a micrometric probe to obtain their average value. After¬ 
wards, the Drillability Index / is calculated like the 
penetration rate, expressed in inches per minute. 

From the investigations carried out by J. Bemaola 
(1985), in which the actual penetration rates with 
hammers of different characteristics, different diameters 
and different types of bits are correlated with the drillabil¬ 
ity indexes obtained on the same rocks, the output for a 
given equipment can be predicted by the following steps: 

1. Obtention of the drillability index on the rock in 
laboratory testing. 

2. Definition of the drill hammer characteristics: E g = 
Energy per blow (pounds x foot), n = Number of 
blows per minute 

3. Determination of the length of the cutting edge L f of 
the drilling tool. For insert bits the following exists: 
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UNIAXIAL COMPRESSIVE STRENGTH (MPa) 


Fig. 2.50. Relationship between-the Uniaxial Compressive Strength 
and the Coefficient of Rock Strength. 



A ROCK DRILL B 

o ROCK DRILL A. OPERA TNG AT A PRESSURE OF lOOpal 

Fig. 2.51. Relationship between the Coefficient of Rock Strength and 
the Specific Energy. 


WEIGHT 




Fig. 2.53. Sievers miniture drill test. 



BRITTLENESS (S20) 

Fig. 2.54. Nomograph for calculating the D. R. I. 










DRILLING RATE (cm/min) 
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DRILLING METHOD 



I QUARTZITE I | GRANITIC GNEISS 


I QNSSS | 

| DIABASE | | PEGMATITE ] 

Fig. 2.55. Drilling rates obtained under different work conditions. 


L f = 1.7D-0.7 
where: D = Bit diameter. 

If button bits are used, the drilling rate obtained for the 
studied diameter is multiplied by 1.15, and with bevel bits 
by 0.85. 

4. Calculation of the drilling rate by the formula: 

VP = Eg X x 10^(51 x / + 90) 

Dx L/ 2 

2.10 AVERAGE PENETRATION RATE 

The average rate achieved by a drill over a long work 
period depends, apart from the efficiency of the organiza¬ 
tion, upon the following factors: 

- Blasthole depths, 

- Maneuvering time. 

The lengths of the blastholes are the deciding factor for 
the number of rods and couplings of the drilling line, 
which affect the advance rhythms due to energy losses 
caused by: 

- Lack of rigidity in the couplings which give losses 
of 3% of the energy transmitted by effects of the reflec¬ 
tions, and of around 5.5% by frictions that are trans¬ 
formed into heat. 

- Inner frictions with the subsequent temperature ele¬ 
vation of the drill steel, due to its transmission of the 
shock waves. The losses are estimated to be from 0.2 to 
0.4 % for each rod. 

The figures cited are only valid when working with a 
top hammer. The resulting mean drilling rate can then be 


calculated as a function of the number of rods used, 
taking into account a mean fall in output of 9% which is 
equivalent to an energy loss of: 

VP 1 - 0.91^ 

VP = — x- 

N v 0.09 

where: N v = Number of rods used, VP = Drilling rate 
obtained with the first rod. 

When drilling with down the hole hammers, the dril¬ 
ling rate practically remains constant with the depth 
because the pipes do not constitute the physical means of 
percussion energy transmission, as they are only used as 
air conducts and to carry out rotation. 

Once the average value of the drilling rate is obtained, 
this should be corrected with application of the non¬ 
productive times such as: 

- Moving the machine from one blasthole to another. 

- Positioning and collaring. 

- Changing and extraction of the rods. 

- Cleaning of the blasthole, jammings, etc. 

The following average times exist for surface rigs with 
and without automatic change, shown in Table 2.11. 

The rest of maneuver times are shown in Table 2.12. 

Therefore, a rig an with automatic changer, drilling in a 
low bench that only needs one rod maneuver, has a total 
non-productive time of 6.9 min. 

The previous figures are orientative and can vary in 
function with the work conditions, rig characteristics, 
etc. 

Another faster way to estimate the final drilling rate 
consists in using nomographs such as those of Figs. 2.56 
and 2.57, which correspond to surface rigs and jumbos, 
and were made up for pre-established total manoeuvre 
times. 

On the other hand, in the case of full section tunnel and 
drift driving, it must be taken into account that the cycle 
lasts one or two shifts, depending upon the section and the 
degree of support necessary. The total time is usually 
distributed in the following manner: 


- Drilling.10-30% 

- Charging of the explosive.5-15% 

- Blasting and ventilation .5 - 10% 

- Removal of broken material.10-15% 

- Cleaning up and maintenance.70-15% 


Table 2.11. 



Change of rods 

Manual 

Automatic 

Time to place rod 

1.0 min 

0.9 min 

Time to remove rod 

1.5 min 

1.0 min 

Total rod time 

2.5 min 

1.9 min 

The rest of maneuver times are: 


Table 2.12. 

Operation 

Time 

Change of blasthole 

3 min 

Positioning and collaring 

1 min 

Blasthole cleaning 

1 min 
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Fig. 2.56. Drilling rates obtained for different bench heights calculat¬ 
ing 5 min. time for changing holes and collaring, and 1.9 min. for rod 
manuevering. 



DRILLING RATE (m/h) 


Fig. 2.57. Average drilling rates with mechanized advance for tunnels 
and drifts. 


In the most unfavorable cases the maintenance can take 
up 70% of the cycle time, which would suggest, in these 
situations, that a mechanical excavation method should 
be applied. 

Finally, in Table 2.13, the mean data and outputs 
obtained for different drilling rotary-percussive rigs in a 
medium type rock are indicated. 


2.11 CALCULATION OF DRILLING COSTS 


Drilling costs are usually expressed by meter drilled 
using the following equation: 


c _ C A + C I + C M + C Q + C E + C L c 
T VM B 


where: 

Indirect Costs. C A = Depreciation ($/h), C, = Interest 
rates and insurance ($/h). 

Direct Costs. C M - Maintenance and repair ($/h), 
C Q - Labor ($/h), C E = Fuel or energy ($/h), C L = Oil, 
grease and filters ($/h), C B = Bits, rods, sleeves and 
shanks ($/h), VM = Mean drilling rate (m/h). 


2.11.1 Depreciation 

Depreciation depends basically on two factors: loss of 
value and deterioration produced by use and due to 
aging. 

The cost/hour of depreciation, if it considered to be 
lineal, is calculated in the following manner: 

C A = (Purchase price - residual value) + hours 
of life 

The operative life of the crawler rigs is estimated to be 
between 8000 and 12.000 hours for those with top 
hammers, and between 10.000 and 12.000 for those with 
down the hole hammers. It is important to take into 
account that the lives of the hammers are probably one 
half of the indicated figures, so it is wise to include the 
price of another hammer in the amortization and depre¬ 
ciation figures. 


Table 2.13. Data and outputs for rotary-percussive rigs. 



Normal range 


Number of 

Penetration 

Average 

Compressor 



Diameter 

(mm) 

Depth 
Maxi¬ 
mum (m) 

Average 

(m) 

operators 

rate (cm/ 
min) 

drilling 
rate (m/h) 

Air Hor 
(1/s) 

Pressure 

(MPa) 

Pneumatic 

Hand held drill 20 kg 

32-38 

1.5 

1.0 

1 

25 

4 

30 

0.7 

Hand held drill 30 kg 

38-45 

3.0 

2.0 

l 

35 

6 

60 

0.7 

Drill wagon on wheels (small) 

38-48 

8.0 

5.0 

1-2 

45 

13 

80 

0.7 

Drill wagon on wheels 

48-64 

12.0 

7.0 

1-2 

55 

16 

200 

0.7 

Drilling rig on crawlers (top hammers) 

64-100 

20.0 

10.0 

1-2 

60 

19 

300-350 

0.7 

Drilling rig on crawlers (down-the-hole- 
hammer) 

85-150 

30.0 

15.0 

1-2 

40 

13 

200 

1.2 

Hydraulic 

Rig on crawlers (small) 

50-75 

20.0 

10.0 

1-2 

80 

25 

70 

0.7 

Large rig on crawlers 

64-125 

30.0 

15.0 

1-2 

100 

35 

80 

0.7 
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Table 2.14. 


Equipment (pneumatic) 

Repair factor 
Spare parts 
only 

Parts and labor 

Crawler rig without drill 

- For drifter application 

4-6% 

8-12% 

- For down-the-hole application 

3-5% 

6-10% 

Drill for rig use 

- Drifter 

6-10% 

12-20% 

- Down-the-hole 

8-12% 

16-24% 

Hand held drill or drifter 

6-10% 

12-20% 

Portable air compressor 

2-3% 

4-6% 


2.11.2 Interest rates, insurance and taxes 

To calculate this cost, the following equation is applied: 
N+ 1 

-x Purchase price x % (interest + 

r _ 2/V insurance + taxes) 

L, -- 

Work hours per year 
where: N - Number of years of service life. 

2.11.3 Maintenance and repairs 

Include costs of preventative maintenance and break¬ 
downs. It is estimated by the following equation: 

C M = [(Purchase price) + 1.000] x FR (%) 

where: FR = Reparation Factor. 

Some orientative figures of the Reparation Factor for 
pneumatic rigs are shown in Table 2.14, where, on one 
hand, only the spare parts are considered, and on the 
other, the parts plus the maintenance labor. 

2.11.4 Labor 

This corresponds to the cost/h&ur of the driller, including 
social security, vacations, etc., and of the helper, when 
necessary. 

2.11.5 Fuel or energy 

This cost is calculated from the specifications of the 
engines on the machine and the compressor, which can be 
diesel or electric. For the first, the following equation is 
used: 

C E = 0.3 x kW POWER x FC x price of energy 
or 

C E = 0.22 x HP POWER x FC x price of fuel 

where: FC = Fuel Factor which varies between 0.65 and 
0.85. 


2.11.6 Oil, grease and filters 

This is estimated as a percentage of energy consumption 
and usually oscillates between 10 and 20%, depending 
upon the machines. 

2.11.7 Bits, rods, sleeves and shanks 

This is one of the most important aspects that can be 
calculated from the data indicated in the following 
chapter, Rotary-Percussive Drilling Accessories. 
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CHAPTER 3 


Rotary percussive drilling accessories 


3.1 INTRODUCTION 

In order to carry out a specific drilling job, various 
combinations of accessories can be chosen. The factors 
that have to be taken into consideration in the selection 
are: blasthole diameter and length, structure, strength and 
abrasiveness of the rocks, size and power of the rock drill, 
previous experiences and supply facilities. 

The extension drill steel is usually made up of the 
following elements: shank adaptor (1), coupling sleeves 
(2), extension rods (3) and drill bits (4). Fig. 3.1. 

The steels used in the manufacturing of these tools 
should be fatigue, bending, and impact resistant, and also 
to wear in threads and shanks. 

The ideal is to use steels with a nucleus that is not too 
hard and a hardened outer surface that is wear resistant. 
This structure can be obtained in two ways: 

a) Steels with a high carbon content, such as those 
used in shanked rods, including integral drill steel. The 
desired hardness is achieved by controlling the tempera¬ 
ture in the manufacturing process. The part of the shank is 
treated separately to achieve high impact resistance. 

b) Steels with low carbon content. They are used in 
rods, shank adaptors, coupling sleeves and drill bits. 
They are steels that contain small amounts of chromium 
or nickel, manganese and molybdenum. 

The treatments that the steels undergo are usually: 

- Surface hardening HF (high frequency). Rapid heat¬ 
ing to 900°C and fast cooling in water. A high fatigue 
resistance is obtained and it is used to make rods, coup¬ 
ling sleeves and in some drill bits. 

- Carburation. Increase of carbon content on the sur¬ 
face of the steel by introducing the parts during some 
hours in an oven with a carbon-rich gaseous atmosphere 
and at a temperature of 925°C. It is used in rods and shank 
adaptors to achieve high wear resistance. 

- Shotpeening with steel shot to increase fatigue res¬ 
istance in materials that have not undergone the previous 
treatments. 

- Protection against corrosion, by means of phospha- 
tation and application of a fine coating of steel. 

The hard metal of the bottons and inserts of the bits is 
made from tungsten carbide and cobalt by a powder 
metallurgy technique. This material is characterized by 
its high wear resistance and durability, and different 
combinations can be achieved by varying the cobalt 
content, between 6 and 12%, and the size of the tungsten 
carbide grains. 


The union of the steel with the hard metal can be done 
by welding in the insert bits and by contraction or pressu¬ 
re in the case of button bits. 


3.2 TYPES OF THREADS 

The function of drill steel threads is to hold the shanks, 
coupling sleeves, rods and bits together during drilling. 
They should be efficiently adjusted so that the elements 
of the extension rod are tightly united in order to achieve 
direct transmission of energy. However, they should not 
be over tightened because this would make uncoupling of 
the rods more difficult when removed from the blasthole. 

The characteristics that determine if the drill rods are 
easily uncoupled or not are: the angle of the profile and 
the pitch of the thread. A larger pitch combined with a 
smaller angle of profile will make the thread easier to 
remove, in comparison with threads of the same diame¬ 
ter. 

The principle types of threads are: 

- R-thread. Used in small blastholes with drill rods of 
22 to 38 mm and powerful independent rotation rock 
drills with air flushing. It has a pitch of 12.7 mm and a 
large profile angle. 

- T-thread. It is adequate for almost all drilling condi¬ 
tions and is used with drill rod diameters of 38 to 51 mm. 
It has a larger pitch and a smaller slope angle which 
makes decoupling easier than in the R-thread, and also 
one of the sides has a large volume for wear which gives it 
long life. 

- C-thread. Designed for large extension rods of 51 
mm. It has a large pitch and a slope angle that is similar to 
that of the T-thread. 

- GD or HL-thread. This thread has intermediate 
characteristics between the R and T threads. It has an 
asymmetrical ‘sawtooth’ profile and is used in 25 to 57 
mm rod diameters. 

When drilling certain soft rocks, the threads may have 
double length, so that the first part can be cut off when 
worn out and work can be continued with the second. 

There are special threads, such as the spiral thread over 
the whole length of the rod. The reason is also for more 
wear, as when an end wears out it can be cut off, but the 
problem is that standard lengths are not available. The 
diameters of these rods come in 32,38 and 45 mm. 


36 



Rotary percussive drilling accessories 


37 



Photo 3.1. Drilling accessories (Courtesy 
of Kometa). 
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Fig. 3.1. Extension drill steel equipment. 




Fig. 3.2. Types of threads (Atlas Copco). 


3.3 SHANK ADAPTORS 

Shank adaptors are those elements that are fixed to the 
rock drill chuck in order to transmit impact energy to the 
rods, rotation torque and feed force. There are two types 
of shank adaptors 1) The Leyner shank and 2) The splined 
shank, Fig. 3.4. 

The first type is used with extension rods of 25 and 32 
mm, whereas the splined shanks, of 4 to 8 splines, are 
used with 38,44 and 50 mm diameters, with independent 
rotation hammers. In modem rock drills with an impact 
power of at least 18 kW, the shank adaptors are designed 
without a ‘slimmed’ zone between the chuck section and 
the screwed end, thereby reinforcing the impact surface. 

The flushing system can be through a flushing tube in 
the rock drill, in which case the shank adaptors have an 
inner sealing which is the part that comes into contact 



Fig. 3.3. Profiles of the R, T, C and GD threads. 


with the flushing water, or lateral, Fig. 3.5, with an 
opening between the splines and the thread where the 
flushing fluid enters through a separate swivel device that 
is concentrically joined with the shank adaptor. 
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Fig. 3.6. Shank rod. 
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Fig. 3.4. Shank adaptors. 


Another design, that can be seen below, consists of drill 
rods that have a shank at one end. Fig. 3.6. They are used 
in handheld drills or with small diameter hammers, of 19, 
22 and 25 mm and have a hexagonal transversal cross- 
section. 


3.4 DRILL STEEL 


b) ROUND 


c) DOUBLE THREAD 






d) LIGHT 


c m cd o 

e) WITH INTEGRAL COUPLING SLEEVE 



The parts that extend from the drill chuck are usually: 

- Rods or bars, 

- Pipes. 

The first are used when drilling with top hammer and 
can have a hexagonal or round cross-section. The exten¬ 
sion rods have external ma,le threads and are joined 
together with coupling sleeves. 

Extension rods of hexagonal complete section a) or 
round b), Fig. 3.7, have the same size in the center of the 
rod as in the threads. In the first, the hexagon circums¬ 
cribes the circle which corresponds to the similar ones of 
round cross-section and, for this reason, they are more 
rigid and a bit heavier. 

When the drilling conditions are such that the lives of 
the rods only depend upon the wear of the threads, double 
length threads are used c). Thus, when the first part of the 
thread is worn, drilling can still be carried out with the 
second part. 

The light extension rods d) have transversal cross- 
sections, usually hexagonal, that are smaller than those of 
the thread. The selection of this type of rod refers to the 
thread sizes. 

Recently, rods with integral coupling sleeves e) have 
appeared on the market, with easier handling as they 
eliminate the use of sleeves, energy transmission is better, 
the blastholes are straighter and the operation is safer. The 
price of these rods is the same as that of a conventional 
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f) EXTENSION ROD FOR DRIFTING AND TUNNELING 




g) THREAD ROD WITH INTEGRAL JOINT 


h) SHANKED ROD WITH THREADED JOINT 


1 1 


i) SHANKED ROD WITH TAPERED JOINT 


j) SHANKED ROD WITH INTEGRAL JOINT 




k) SHANKED ROD WITH INTEGRAL JOINT AND THREE BLADES 
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Fig. 3.7. Types of rods. 
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A) ROD 

B) BIT 

Bl) BIT WIDTH 

Bz) WIDTH OF INSERT 

B3) WIDTH OF CUTTING EDGE 

C) COLLAR 

D) BIT DIAMETER 

E) SHANK 

F) MARKING 

G) MARKING OF MANUFACTURE DATE 

H) INSERT HEIGHT 

K) PLASTIC CAP (YELLOW FOR STANDARD 
RODS-RED FOR SPECIAL RODS) 

L) EFFECTIVE LENGTH 

M) MARKING THAT INDICATES BIT DIAMETER 
R) RADIUS OF INSERT 

a) CLEARANCE ANGLE 

p) INSERT ANGLE K 



rod plus the sleeve, but if they break at the points of union 
they become useless. 

There are various types of drill steel for tunneling, 
among which the following should be mentioned: the 
extension rods for drifting and tunneling f), which have a 
larger diameter thread at one end than that of the central 
cross-section. The size chosen refers to the size of the 
thread at the shank end. 

The thread rods with integral joints g), of hexagonal 
cross-section, that have an insert bit at one end and thread 
at the other. The shanked rods with threaded joints h) 
which have a hexagonal shank at one end and thread at 
the other, and the shanked rods with tapered joints i). 

Lastly, there is the group of integral drill steels with a 
forged shank at one end and a forged bit with cemented 
carbide inserts at the other, Fig. 3.8, that are subdivided 
according to the shape of the bit and the shape of the 
inserts. 

The integral drill steel sets are arranged in series in 
which the hole diameter decreases with increasing steel 
length. The main types are: 

- Chisel steel. These are the most commonly used 
because of their low cost and easy sharpening. 

- Multiple insert steel. They are used in the mecha¬ 
nized drilling of soft and fissured rocks. 

- Button steel. Used in rocks that are easy to drill and 
with little abrasiveness, such as coal. 

- Steel for working with marble, with four blades and 
special channels for the evacuation of drill cuttings. 

In surface drilling, the hexagonal rods are commonly 


Fig. 3.8. Integral drills (Sandvik-Coromant). 

used with light rigs and manual change, whereas those of 
round section are used when the rock drills have automa¬ 
tic rod changers. 

In Table 3.1. the available diameters and standard 
lengths of the most common types of rods are indicated. 

On the other hand, in Table 3.2. the drill steel diameters 
and maximum lengths drilled in different blastholes are 
shown. 

With the application of top hammer hydraulic rock 
drills to the drilling of large diameter blastholes, above 
115 mm, some drill pipes, or tube rods, have been recent¬ 
ly designed which are similar to those used in down the 
hole hammer operations. 

The main advantages of this tubular drill steel are: 

1. More rigidity. The deviations and irregular blast- 
hole walls are reduced, as they have larger diameters (76 
to 165 mm). 

2. Improved energy transmission as couplings are not 
necessary. 

3. More efficient flushing by improving the upward 
air velocity outside the tubes and by being able to in¬ 
crease the amount of pumped air. 


Table 3.1. 


Extension rod 

Diameters available 

Lengths available 

Type 

Hexagonal, normal 
Round, normal 
Round, MF 

25,28,32, 38 mm 
32,38,45,51mm 
32,38,45,51 mm 

3050,3660 mm 

3050,3660,6100 mm 
3050,3660,6100 mm 
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Fig. 3.9. Drill pipes (Tamrock). 


Table 3.2. 


Rod diameter 
(mm) (in) 

Bit diameters 
(mm) 

Recommended maximum 
hole length (m) 

25 

1 

38,41,45,51 

6...8 m 

28 

l'/ 8 

38,41,45,51 

8...10m 

32 

l'A 

48,51,57,64,76 

12...15 m 

38 

l'/ 2 

64, 70,76,89, 102 

15...18 m 

45 

l 3 / 4 

76, 89, 102, 115 

18..,22 m 

51 

2 

89, 102, 115, 127 

25...28m 


Table 3.3. 

Pipe diameter 

Length 

Thread 

Weight 

(mm) 

(mm) 

API reg. 

(kg) 

76 

1500 

2 3 / 8 " 

15 

76 

3000 

2 3 /g" 

25 

89 

1500 

2 3 /g" 

22 

89 

3000 

2 3 / 8 " 

44 

89 

4500 

2 3 /s" 

63 

114 

1500 

3 V 2 " 

45 

114 

3000 

3'/ 2 " 

61 

114 

6100 

3'/ 2 " 

170 

115 

7600 

3'/ 2 " 

199 

127 

6100 

3'/ 2 " 

204 
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RODS 
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0 87 mm TUBES 
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Fig. 3.10. Recommended tube drill steels for dif¬ 
ferent drilling diameters. 


Fig. 3.10 gives the recommended drill pipe diameters 
in function with blasthole size. 

There are also guide pipes on the market which have 
one or two cross sections at each end with four longitu¬ 
dinal external blades. They are manufactured with male- 
female threads at each end, which eliminates the need for 
couplings. These pipes allow the drilling to be carried out 
with deviations of less than 1% and adequate for surface 
as well as underground drilling. 

The guide pipes are placed behind the drill bit, giving 
additional support, the rest of the support is made up of 
rods with 45 to 51 mm diameters. As the guide pipe is at 
the bottom of the blasthole, it produces an effect similar 
to that of a complete pipe string. 

Finally, when drilling with down the hole hammers, 
pipes, as indicated, are used with lengths of 3 to 7.5 m and 
male/female threads on the ends. There are notches near 


the threads which facilitate connecting and unthreading 
the pipes. 

The standard sizes, for each pipe diameter, and its 
approximate weight are indicated in Table 3.3. 


3.5 COUPLINGS 

Couplings are to connect the extension rods to each other 
until the desired length is reached, with sufficient adjust¬ 
ment to assure that the ends meet so that energy transmis¬ 
sion is effective. 

The couplings that are available are as follows: 

a) Sleeve or through type, 

b) Semi-bridge type, 

c) Full-bridge type 

d) With helical splines on the outside. 
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Table 3.4. 


Bit diameter Largest rod diameter Coupling diameter 


(mm) 

(in) 

(mm) 

(in) 

(mm) 

(in) 

41 

l 5 / 8 

25 

1 

36 

1 7 /i 6 

45 

1 % 

28 

l‘/ 8 

40 

1 5 /s 

51 

2 

32 

l'/4 

44 

i 3 / 4 

57 

2 '4 

32 

l'/4 

44 

l 3 /4 

64 

2‘/2 

38 

l'/ 2 

55 

2 5 /32 

70 

2 3 / 4 

38 

l'/ 2 

55 

2 5 / 32 

76 

3 

45 

l 3 / 4 

63 

2 31 /64 

89 

3‘/ 2 

51 

2 

72 

2 7 /g 


e) With large diameter blades. 

The couplings with a central stop b) and c) keeps them 
from slipping along the drill steel. They are used in all 
T-threads and at the end of the shank on drill steels for 
tunneling and drifting. 

The spline type d) are used with retract bits in blast- 
holes with jamming tendencies. The couplings with 
blades serve to centralize and stabilize the rods. 

The thermic treatments during manufacturing are sur¬ 
face hardening, total carburation or only on the inside. 

Coupling diameters for different size drill steel are 
indicated in Table 3.4. 


3.6 DRILL BITS 

There are two types of drill bits for rotary percussive 
drilling: 

- Insert bits, and 

- Button bits. 

Some of the design characteristics that the two types of 
bits have in common are the following: 

- The rods are threaded to the end of the bit thread so 
that the transmission of the impact energy is as direct as 
possible on the rock. 

- The bits have a series of central and lateral openings 
through which the flushing fluid is injected and they have 
channels through which the rock particles produced pass 
upwards. 

- The bits are designed to be slightly conic, with the 
widest part in contact with the rock so as to counteract the 
wear and avoid an excessive adaptation to the blasthole 
wall. 

a) Button bits 

These bits have buttons or cylindrical inserts of tungsten 
carbide distributed in various pattern on the face. They 
are manufactured in diameters that go from 50 mm up to 
251 mm. 

Button bits are better adapted to rotary drilling, obtain¬ 
ing advance velocities above those of insert bits. They are 
also more wear resistant, due not only to the shape of the 
buttons but also to the more effective attachment of the 
buttons to the steel, by shrinking or cold-pressing. 

b) Insert bits 

They have two design configurations: 1) cross bits and 2) 


X-bits. The first consist of four tungsten carbide inserts at 
right angles to each other, whereas the X-bits have four 
inserts at angles of 75° and 10° to each other. 

These bits are manufactured from 35 mm diameters 
up, being normal to reach 57 mm in cross bits and use 
X-bits from 64 mm on as they are faster and avoid the 
tendency of the others to open large diameter blastholes 
with pentagonal cross-sections. 

c) Special bits 

Bits with special design are known as: 

- Retracbits, 

- Reaming bits, 

- Drop center bits, and 

- Ballistic bits. 

The retrac bits are used in rock formations where the 
walls tend to collapse and, therefore, it is necessary to 
avoid jammings and loss of drill steel. They have splines 
and cutting edges cut out of the bit wing which allow 
them to drill during extraction. 

A variation of this bit is the retrac bit with a long skirt. 
With this utensil, the reverse cutting is more intense, and 
its constant diameter achieves straighter blastholes. 

The reaming button bits are used for underground 
labors to open the central blastholes of larger diameter in 
parallel cuts. These bits are used with pilot rods or 
extension rods and reaming bit adaptors. They have a 
central conical opening which allows them to be placed 
behind the rod with the smallest diameter. 

The drop center bits have excellent flushing character¬ 
istics, as the flushing hole of the bit is in the center of the 
face. They are used in soft rocks that are easy to drill. 
These accessories also improve the straightness of the 
blastholes. 

The ballistic bits have bullet shaped buttons which are 
longer than the standard and give higher penetration rates 
and a more efficient flushing. In soft rocks, the face of the 
bit does not strike upon the rock in the bottom of the 
blasthole, owing to the button height, which makes the 
cleaning out of drill cuttings more complete. In compari¬ 
son to standard button bits, the ballistic bits give higher 
drilling rates, from 25 to 50% more, depending upon the 
type of rock. 

The main problem is the risk of button breakage, 
especially when the body of the bit is subjected to more 
wear than the buttons themselves. 

In Table 3.5, the types of bits recommended for drilling 
different rock formations are indicated. 

d) Down the hole hammer bits 

The bits for down the hole hammers have shanks incorpo¬ 
rated upon which the pistons strike directly. The most 
common diameters of these bits go from 85 mm to 250 
mm, although larger ones exist. 

The main types of bits are the following: 

Button bits. These are the most commonly used and are 
good for any type of rock. They are subdivided into: Bits 
with a breaking nucleus, concave bits, convex bits, ball¬ 
istic bits. 
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Insert bits. With a complete face. With cross or X inserts, 
similar to those of the top hammer and for application in 
soft or loose rocks. With a breaking nucleus. Bits with 
four short inserts and one or two buttons in the center that 
serve to break the nucleus of rock that forms in each 
blow. 




a) 

b) 

c) 

Fig. 3.11. Types of couplings. 
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Fig. 3.12. Drill bits (Sandvik-Coromant). 


Table 3.5. 


Rock 

properties 

Insert bits 


Button bits 


Nor¬ 

mal 

Heavy Retrac 
duty 

Nor¬ 

mal 

Heavy Retrac 
duty 

Soft 

R 

N 

N 

R 

N 

N 

Medium-hard 

S 

R 

N 

R 

S 

N 

Hard 

N 

S 

N 

S 

R 

N 

Heavy gauge wear 

N 

R 

N 

N 

S 

N 

Heavy frontal wear 

N 

S 

N 

S 

R 

N 

Moderate frontal wear 

N 

N 

N 

R 

S 

N 

Fissured rock 

N 

N 

R 

N 

N 

R 


R = Recommended, S = Suitable, N = Not recommended. 


Fig. 3.14. Reaming bit, extension rod and bit adaptor. 
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Fig. 3.16. Down the hole hammer bits. 
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3.7 CALCULATION OF THE NECESSARY 
DRILLING ACCESSORIES 


The amount of drill steel that is necessary to carry out a 
job depends upon diverse factors: 

- The volume of rock. 

- The specific drilling. 

- Drillability and abrasiveness of the rock, and 

- Drilling method. 

The service life of the drill steel is basically decided by 
the last two factors and, above all by the drillability in 
abrasive rocks. Frequently the life of these accessories is 
expressed in ‘rod-meters’, owing to the fact that the 
number of meters drilled with a given rod is in function 
with its length and the blasthole depth. 


Example: 

Length of blasthole = 12 m. 

Length of extension rod = 3.05 m. 

Total meters drilled 30 m-v 

-=-= 2.5 m-v/m 

Total meters-rod 12 m 


When the length of the rod is 3 m, then the mean value is 
7.5 rod-meters for the blasthole of the indicated depth. 
Generally, the following exists: 


MV = Lx 


L + L v 
. 2 L v . 


where: L = Length of blasthole (m), L v - Length of each 
extension rod (m), MV = Rod-meters. 

In order to estimate the drilling accessories required 
for a given project, the following equations can be used: 


1. Number of bits 

VRx PS 


Ns = 


V, 


B 


2. Number.of extension rods' 


N v = 


VRx PS L + L v 


x 




2 U 


3. Number of shanks 

N a = N V I3 

4. Number of couplings 


N m = 1.5 x N v 


where: VR - Volume of rock to be blasted (m 3 4 ), 
PS = Specific drilling (ml/m 3 ), L = Blasthole depth (m), 
V t = Service life of each accessory. 

To give an idea, the lives of the different types of bits 
can be estimated for diverse bench drilling operations and 
for tunnel and drift driving from Tables 3.6 and 3.7. 

The life expectancy of drill steel can be determined by 
knowing the following factors: 

- Type and size of the threads. 

- Number (N v ) and length of the extension rods (L v ) 
required to drill a hole with a length (L). 


Table 3.6. Service life of accessories in bench blasting. 


Accessory 

Type of rock 


Abrasive 

Slightly abrasive 

Integral drill steels 
Regrinding interval 

20-25 

150 

Service life 

150-200 

600-800 

Threaded insert bits 
Regrinding interval 

20-25 

150 

Service life 

200-400 

800-1200 

Threaded button bits 
- Diameter > 64 mm 
Regrinding interval 

60-100 

300 

Service life 

400-1000 

1200-2500 

- Diameter <57 mm 
Regrinding interval 

100-150 

300 

Service life 

300-600 

900-1300 

Down-the-hole button bits 
Regrinding interval 

40-60 

300 

Service life 

400-1000 

1200-2500 

Extension rods 

Service life 


600-1800 

Coupling sleeves 

Service life 


100% life of the rods 

Shank adaptors 

Service life 

- Pneumatic rock drills 


1500-2000 

- Hydraulic rock drills 


3000-4000 


Note: The figures are in metres. Source: Atlas Copco. 


Table 3.7. Service life of accessories in tunnels and drifts. 


Accessory 

Type of rock 


Abrasive 

Slightly abrasive 

Integral drill steels 
Regrinding interval 

20-25 

150 

Service life 

200-300 

700-800 

Threaded insert bits 
Regrinding interval 

20-25 

150 

Service life 

250-350 

900-1200 

Threaded button bits 
Service life 

250-550 

1000-1300 

Extension rods 

Service life 

- Pneumatic rock drills 


1000-1500 

- Hydraulic rock drills 


1600-1400 

Threaded integral steels 
Service life 


600-800 

Coupling sleeves 

Service life 


100% of rod service life 

Shank adaptors 

Service life 

- Pneumatic rock drills 


1200-1600 

- Hydraulic rock drills 


2500-3500 


Note: The figures are in metres. Source: Atlas Copco. 


- Penetration rate (VP), which depends upon the type 
of rock, drilling diameter and type of hammer, Fig. 3.17. 

The life of the couplings is considered to be equal to 
that of the drill steel, although they usually last somewhat 
less. 


3.8 CARE AND MAINTENANCE OF THE BITS 

The object of bit conditioning is to optimize the drilling 
rate and increase service life. 



44 Drilling and blasting of rocks 



It is only logical that if the hard metal inserts or buttons 
and the rest of the body of the bit do not have an adequate 
shape then the highest drilling rate will not be achieved 
and, apart from this, tensions and stresses will be gene¬ 
rated in the tool itself as well as in the rest of the drill steel 
with the consequence of possible damage or breakage. 

The next paragraphs will indicate when and how the 
resharpening should be carried out for button and insert 
bits, as well as for integral drill steels. 

a) Button bits 

Button bits should be reconditioned when: 

1. The body of the bit is more worn than the buttons, 
making these stand out excessively. This will keep the 
buttons from getting stuck in the rock or shattered, which 
happens quite often in soft and abrasive ground, Fig. 
3.18. 

2. When the buttons wear flat more rapidly than the 
body, especially in hard and abrasive rocks, they should 
be sharpened frequently, Fig. 3.19. 

3. If, in non abrasive rock the buttons are worn smooth 
and show signs of surface cracking, called snake skin. 
This keeps the cracks from spreading which could des¬ 
troy the buttons, Fig. 3.20. 

The sharpening or regrinding of buttons should return 
their original spherical shape, with as little loss of height 
as possible. It is usually not necessary to grind the cir¬ 
cumference. 

The grinding intervals can be chosen in function with 
the different types of rocks and drilling conditions, for 
example, after a certain number of blastholes, or when 
almost half of the button diameter is worn away, Fig. 
3.21. 

If the bits are very worn, it might be necessary to grind 
down the steel around the buttons so that they maintain 
their height. The visible height should be about half of the 
diameter. 

All the buttons should be reground at the same time, 
even though they are not all worn to the limit. The bits can 
be used for drilling whenever the peripherical or gauge 
buttons are in good condition, as they are the most 
important. Special attention should be paid to cleaning 
the openings and the flushing channels. 


Buttons should be sharpened with grinding wheels and 
controlled with templates. 

b) Insert bits 

Insert bits should be reground when: 

1. The cutting edge of the bit has worn flat to a width 
of 2.4 mm at 5 mm distance from the periphery of the bit, 
Fig. 3.22. 

2. When the outer comer of the insert is worn to a 
radius larger than 5 mm, Fig. 3.23. 

3. When the bit face begins to have a diameter that is 
smaller than that of the body; the periphery should be 
reground to eliminate anti-taper, Fig. 3.24. 

4. In non-abrasive ground where the inserts show 
smooth worn areas or surface micro-cracks, which must 
eliminated periodically, Fig. 3.25. 

The sharpening of this type of bits should be carried 
out in such a manner that the mean insert angle be 110° 
and the angle of the body of around 3°, Fig. 3.26. 

The comers of the inserts should not be sharpened but 
left with a slight chamfer. A wedge shape of the inserts 
should be avoided. A slightly convex shape is recom¬ 
mended with a maximum angle of 10 to 15%, Fig. 3.27. 

If the grinding is done without a stream of water, the 
bits should be cooled slowly with air before continuing 
the regrinding process. The cutting edges of the inserts, 
once the bits have been ground, should be chamfered 
until they reach a wear flat of 0.4 to 0.8 mm, Fig. 3.28. 

If the body of the bit has been worn, the part of the 
inserts that stand out should be ground down until they 
are flush with the body. The flushing channels should also 
be conditioned and the bits oiled after sharpening and 
before reuse. 

c) Integral drill steel 

These accessories should be sharpened when the wear flat 
reaches 3 mm width, measures a 5 mm from the outer 
edge. In abrasive rocks or drilling with air, the edges that 
have become rounded should also be sharpened and 
given a conical shape, up to a height of 8 mm, Fig. 3.29. 

The geometry that should be reached in grinding is a 
cutting edge angle of 110° and a curving of 80 to 100 mm, 
Fig. 3.30. 
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Fig. 3.19. Wear flat of the buttons. Fig. 3.23. Wear of the comers. 
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Fig. 3.27. Shape of the inserts. 




Fig. 3.28. Chamfering of edges. 



Fig. 3.30. Grinding of integral drills. 
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Extension rod rotation. 




Table 3.8. _ 

Problem 

1. Outer surface rod damage 
falls, or surface defects. 



2. Corrosion in the bore accele¬ 
rated by high stress condi¬ 
tions. 



3. Rod breakage at the end of the 
threads with couplings. 



4. Blockage in flushing channels 
and jammings of the drill 
steel. 

5. Damage to the end of the 
coupling which expands and 
exhibits jagged cracks. 



6. Couplings that are broken or 
split open. 


7. Coupling cannot be removed 
from drill rod. 

__ r — 


Probable cause 

1. Poor handling with blows in 
steel. 


2. Inner defect in steel e.g. an 
oxidized inclusion. 


3. Threads worn out in rods and 
couplings, and oscillating 
enter in the movement of drill 
steel. Migrating couplings 
and poor machining on drill 
steel. 


4. Insufficient air flow and ex¬ 
cessive feed in cracked, mud¬ 
dy ground. 

5. Drilling rod firmly screwed 
into coupling or offline dril¬ 
ling. Poor heat treatment of 
steel. 


6. Slippage between hammer 
and centralizer, oscillation of 
the rods during drilling or in¬ 
correct rod threads. 

7. The coupling hits against the 
centralizer. 
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Table 3.8. Cont. 

8. Breakage of the shank adaptor 8. Worn chuck driver bushing, 
or shank. overfeed, lack of lubrication 

or broken piston. 



9. Shank adaptor breakage 
through the splines. 

10. Shank adaptor breakage at or 
near the threads. 


11. Broken buttons or sheared off 
the steel body of the bit. 


12. Complete loss or tearing off 
of button. 

13. Excessive wear flat of gauge 
buttons. 


9. Worn chuck driver bushing, 
excessive rotation load, lack 
of lubrication, or broken 
piston. 

10. Damaged drill rods or 
chipped at the ends, damaged 
couplings or off line drilling. 
Poor machining or heat treat¬ 
ment of the steel. 

11. Excessive rotation of the bit. 
Excessive feed in hard rock. 
Drilling of cracked stone for¬ 
mations or poorly sharpened 
bits. 

12. Insufficient feed and lack of 
contact between bit and rock. 

13. Excessive rotation, overfeed, 
and rock too abrasive. 


3.9 CARE AND MAINTENANCE OF DRILL STEEL 

The recommendations that should be followed when 
using drill steel are: 

1. Invert the ends of the extension rods so as to distri¬ 
bute the thread wear. 

2. Rotate the rods on the drill strings so that they all 
have the same meterage, Fig. 3.31. 

3. Protect the extension rods against corrosion and 
dust, storing them in a proper manner and handling them 
with care, Fig. 3.32. 


4. Oil the threads and coupling sleeves with each use. 

5. Tighten the couplings to the stop during operation 
so as to improve energy transmission and avoid overheat¬ 
ing of the steel. 

6. Use the proper tools for loosening the couplings. 

7. Do not reuse rods and coupling that have excessive 
thread wear. 


3.10 GUIDE FOR IDENTIFYING ACCESSORY 
FAILURE AND ITS CAUSES 

Table 3.8 shows the different types of breakage for dril¬ 
ling accessories, such as rods, threads, coupling sleeves, 
shank adaptors and bits, and their probable causes. 

Any damage or flaw should be analyzed and identified 
to be able to correct the originating source or operative 
practice. 
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CHAPTER 4 


Rotary drilling with rolling tricone bits 


4.1 INTRODUCTION 

Until 1949, almost all blastholes were drilled with rotary 
percussive rigs and only in very soft rocks were rotary 
drills applicable with drag bits. 

The opening of large surface coal mining operations in 
the United States, with overburdens that went up to 40 m, 
and the appearance on the market of a low cost bulk 
explosive of high energy efficiency, such as ANFO, were 
events that stimulated the manufacturers of rock drills to 
design large capacity equipment that were capable of 
giving high penetration rates 

At the same time roller tricone bits became popular in 
mining, developed in the oil fields from around 1907, and 
compressed air came into use for flushing away the drill 
cuttings. 

The blasthole diameters varied between 2" and 17 /2 " 
(50 to 444 mm), with the most frequent range for surface 
mining from 6 to 12 /4 " (152 to 311 mm). Larger diame¬ 
ters are limited to mines with large productions, and 
under 6" is almost never used because of the limited wear 
of the tricone bits due to the reduced size of the bearings. 

This drilling method is very versatil, as it covers a wide 
range of rocks, from the very soft where its application 
started, to the very hard where its use has replaced other 
once popular systems, such as Jet Piercing in taconites. 

As rotary drilling with rpller tricone bits is the most 
widely used method, this chapter will focus its attention 
on the large rigs that are capable of giving high feed force 
on the bit, considering that the units that work with drag 
bits are of a more simple design and smaller in size. 

Rotary rock drills essentially consist of a power source, 
a string of pipes, individual or connected in series that 
transmit the load, rotation and flushing air to a bit with 
steel teeth or tungsten carbide inserts that, in turn, acts 
upon the rock. Fig. 4.1. 


4.2 MOUNTING AND PROPULSION SYSTEMS 

There are two basic mounting systems for rotary drilling 
rigs: on crawler tracks or on rubber tyres. The factors that 
dictate which type of mounting should be chosen are the 
ground conditions and the degree of movability required. 

If the work surface has steep grades, is uneven or offers 
maneuvering difficulties, crawler mounting is the most 
indicated as it offers maximum stability, maneuverability 
and flotability. 


A heavy axle at the drill end of the machine and a pivot 
axle permit the rig to oscillate and maintain full crawler 
ground contact at all times, Fig. 4.2. 

The majority of the large rigs are mounted on rugged 
crawlers, as these can support heavier loads with less 
pressure on the ground when moving from one place to 
another. 

The drills that are mounted on tractor type crawlers are 
useful in difficult and abrupt terrain such as can be found 
in civil engineering. 

The main disadvantage of crawler mountings is its low 
translation velocity, 2 to 3 km/h. Therefore, if many 
benches are to be drilled and they are quite far away from 
each other, it would be more advisable to mount the rig on 
a truck, which moves an average of ten times faster. 
However, in large operations the equipment is not usually 
moved very much as they drill a high number of blast- 
holes in a reduced area. 

Much lighter rigs are usually mounted on trucks, with 
chasis of 2 or 3 axles, and only those of larger dimen¬ 
sions, more than 60.000 pounds of feed force, are 
mounted on 4 axle chasis. During drilling, these units are 
supported by 3 or 4 hydraulic jacks which also serve to 
level the machine. 


4.3 POWER SOURCES 

The primary sources of power can be: diesel or electric 
engines. 

In rock drills with a drilling diameter above 9" (230 
mm), electric energy is normally used, at half tension, 
supplying the drill with alternating current (AC) by 
means of a four conduct power cable covered with 
rubber. 

The small and medium sized rigs, which are usually 
mounted on trucks, can be run by one or two diesel 
engines. 

The average distribution of the power installed on 
these rigs for different operations and mechanisms is as 
follows: 

- Elevation and translation movement: 18% 

- Rotation: 18% 

- Thrust load: 3% 

- Levelling: 2% 

- Dust collector: 3% 

- Rushing and removal of drill cuttings with com¬ 
pressed air: 53% 
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MACHINE ROOM 


ACCESS STAIRWAY AND PLATFORM 


RADIATOR 

COMPRESSOR 


TRANSFORMER 


AIR FILTER 


AUX1ALIRY 

COMPRESSOR 


GENERATOR 


COMPRESSOR 


FRONT JACK 


FRAME 


MAST 


LIFT AND PULL 
DOWN CHAIN 



GEAR BOX 


Fig. 4.1. Principal components of an electrically driven rotary rig (Marion). 



- Auxiliary equipment: 3% 

When diesel power is used, this can be from the truck 
engine, Fig. 4.3, or with an independant engine. Nowa¬ 
days, the latter is usually the case owing to the different 
characteristics required. 

There are also diesel-electric drills that have been 
designed for large production mines without an electric 
power layout. 


The electric rigs have lower maintenance costs, 10 to 
15%, than those driven by diesel power. The latter are 
chosen when there is no reliable electric power source 
near the operation, or when the rig is mounted on a truck. 

4.4 ROTATION SYSTEMS 

With the purpose of making the drill pipes rotate and the 
transmission of the rotary torque, the drilling rigs have a 
rotation system mounted on a frame that slides up and 
down the mast. 

The system of top head drive can be run by an electric 
or hydraulic engine. The first is the most commonly used 
for large rigs, as the continuous current engines are easily 
regulated, from 0 to 150 r.p.m. In the older designs, the 
Ward Leonard system was used, and in the more modem 
the thyristor converter D.C. motor system. 

The hydraulic system consists of a closed circuit with a 
constant pressure pump and a rotary torque converter 
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TRANSMISSION DURING MOVEMENT 



(a) 


(b) 


Fig. 4.4. Rotary drive options: (a) top head drive, (b) Kelly bar drive and (c) false Kelly bar drive. 


(C) 


with which the rotary speed of the top head drive hydrau¬ 
lic engine can be varied. This method is widely used on 
small and medium rigs. 

The mechanical or indirect systems are the Kelly bar, 
or rotary table, which is very popular in the oil fields but 
not much used in mining machinery, and the so-called 
false Kelly bar, which are shown in Fig. 4.4. 

4.5 PUIXDOWN/HOISTING SYSTEMS 

In order to achieve a good drilling rate in rock, a certain 
pulldown or feed is necessary. This depends upon the 
compressive strength of the rock and the blasthole diame¬ 
ter. As the weight of the bars is not sufficient to obtain the 
precise thrust load, extra forces must be applied through 
hydraulic energy tranmission. 

There are four systems. The first three, shown in Fig. 


4.5, are known as a) direct rack and pinion, b) direct 
chain, and c) rack and pinion with chain. 

The fourth system. Fig. 4.6, consists of one or two 
hydraulically driven cylinders. It has the following ad¬ 
vantages: light weight, absorbs impacts, indicates wear or 
fatigue level and is easy to change or adjust. 

These feed mechanisms allow, apart from supplying a 
perfectly controlled, balanced feed force, the hoisting of 
the pipes that constitute the drill string. 

The weight of the whole set up behaves as a reaction 
against the feed applied to the bit, from which one can 
deduce that the weight of the rock drill should be above 
and normally double that of the maximum intended 
thrust. 

The hoisting rate of the string is usually from 18 to 21 
meters/min; higher rates are not recommendable due to 
vibration problems. 
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a) DIRECT RACK AND PINION b) DIRECT CHAIN 





c) RACK and pinion with chain Fig. 4.5. Pulldown or feed options. 



Fig. 4.6i Pull down system with cylinder 
(Ingersoll-Rand). 


4.6 MAST AND PIPE CHANGER 

The masts that accomodate the drill steel and rotary head 
are the most critical structure on the drill and should be 
designed to resist bending from weight, the thrust load 
and the strains originated by the rotary torque. The most 
common designs are constructed in a truss pattern of 
tubular or normal section steel. The modem rigs have a 
structure made of box type girders that can withstand 
longer single-pass masts and high rotary torques. 

Masts are usually hinged and connected to hydraulic 
cylinders that permit them to be lowered to a horizontal 
position for moving. Mast elevation time is usually 
around 2 to 5 minutes. 

Inclined hole drilling is usually harmful because of the 
fatigue forces placed upon the mast and drill pipes, apart 
from a lower pull down load and flushing difficulties, all 
of which lower production which, in hard rocks, can 



Photo 4.1. Crawler mounted rotary rig, 49 R. (Courtesy of Bucyrus- 
Eire) 
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reach 20%. The pinning or inclination can be as much as 
30% in 5° intervals. 

Even though it is recommended that the machine se¬ 
lected be capable of drilling the blastholes with only one 
pipe, there is always the possibility of having to drill 
longer holes. Therefore, the mast should cany a carousel- 
le type pipe changer as well as a mechanism for placing 
and removing them. 

The rigs are equipped with tray like sistems with from 
one to three pipes, or carouselle type with four or more 
pipes with a drilling capacity of 50 to 60 meters. Both 
systems are hydraulically driyen, Fig. 4.7. 

Pipe changing usually takes between 2 to 6 minutes 
each. 


4.7 CONTROL CABIN 

The control cabin, pressurized and air conditioned, has all 
the controls and instruments required for handling the rig 
during drilling, as follows: 

- Control of the principal motor and gear box. 

- Control of elevation and lowering of the mast. 

- Control of the leveling jacks. 

- Control of pulldown on the bit. 

- Control of water injection. 

- Control of the carouselle, etc. 

Usually the cabin is located near the mast so that all 
movements of the pipes during work can be observed. 


4.8 SYSTEM FOR FLUSHING DRILL CUTTINGS 

Compressed air carries out the following functions: 

- Cooling and lubrication of the roller tricone bear¬ 
ings. 

- Cleaning the bottom of the blasthole. 

- Bailing out of the drill cuttings with adequate up¬ 
ward velocity. 

The air circulates through a pipe from the compressor 
to the mast and from it, by a protected flexible hose, to the 
rotary head from which it enters into the drill pipe and 
eventually arrives at the bit. The air flushes out from 
passages in the bit through the teeth to swirl up the 
cuttings and bail them upwards to the surface. If the 
tricones are large and the flow of air insufficient, the 
cuttings fall back to the bottom to swirl around until they 
reach a large enough size to be swept upwards. Lack of 
air, therefore, produces an unnecessary waste of energy, a 
lower penetration rate and more wear on the bit. On the 
other hand, if the upward velocity is too high, the centra¬ 
lizer and the drill pipes will suffer more wear. 

If the rock density and the diameter of the chips are 
known, two equations can be used to calculate the mini¬ 
mum upward velocity: 

V = 573 x —— x d 0 6 

a 1 P 

p r + 1 
and 

V a = 250 x pj* x df- 

where: V a = Minimum upward velocity (m/min), p r = 
Rock Density (g/cm 3 ), d p = Chip diameter (mm). 

The air flow necessary is determined by: 

(D 2 - d 2 ) 

Q=A. x V = V„ x - 

where: A h = Cross-sectional area of the annulus between 
the blasthole wall and the drill pipe (m 2 ), Q a - Required 
air flow (m 3 /min), V a = Upward velocity (m/min), D = 
Blasthole diameter (m), d = Drill pipe diameter (m). 

Another equation to determine the approximate flow 
is: 

Q a = 224 x D 3/2 

where: Q a = Air flow (m 3 /min), D = Blasthole diameter 
(m). 

The recommended bailing velocities, in function with 
the type of rock, are the following: 

Table 4.1. 

Type of rock Minimum velocity Maximum velocity 

_ (m/min) (feet/min) (m/min) (feet/min) 

Soft 1.200 4.000 1.800 6.000 

Medium 1.500 5.000 2.100 7.000 

Hard 1.800 6.000 2.400 8.000 




BIT DIAMETER (inch) 
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Fig. 4.8. Drill pipe sizing. 

Thus, the drill pipe diameter recommended, according to 
the rock type, should be 3" (75 mm) smaller than that of 
the tricone bit in soft material, 2" (50 mm) in medium 
rocks and 1 /2 " (38 mm) in hard rock, as the particle or 
chip size decreases with an increase in rock compressive 
strength. 

From the nomograph below, the diameter of commer¬ 
cial drill pipes can be determined more exactly, once the 
air flow, upward velocity and blasthole diameter are 
known. 

When the compressive rock strength is under 100 
MPa, the high drilling rate achieved retains the cuttings in 
the blasthole if the annulus or ring of space is not large 
enough. The following should comply: 

Blasthole area divided by the annulus area = 2 

which is the equivalent of: 

Drill pipe diameter divided by blasthole diameter = 0.7 

Normally low pressure compressors are used in rotary 
drills, 50 p.s.i. (350 kPa). However, the number of rigs 
that have medium to high pressure compressors, 100-150 
p.s.i. (700-1050 kPa), is increasing owing to improved 
cooling of the bearings and the possibility of using down- 
the-hole hammers. 



4.9 DRILL STRING 

The drill string, Fig. 4.9 is composed of the rotary coup¬ 
ling, the drill pipe, the stabilizer and the rolling cone or 
rotary tricone rock bit. 

4.9.1 Rotary coupling 

This element transmits the rotary torque from the rotary 
head to the drill string which is underneath. 





Fig. 4.9. Drill string. 


4.9.2 Drillpipe 

The length of the drill pipes depends upon the length of 
the blasthole. They transmit the pulldown or feed force to 
the bit and to canalize the compressed air required to 
clean the hole and cool the bearings. The pipes are usually 
made of steel with a 1" thickness (25 mm) and sometimes 
up to 1 /2 " (38 mm). The most common threads used in 
the couplings are API, BECO, or similar. 


4.9.3 Stabilizer 

The stabilizer is placed on top of the drill bit, Fig. 4.10, 
and its mission is to make the tricone bit rotate correctly 
depending upon the axis of the blasthole and avoid oscil¬ 
lations and bending of the drill steel. 

The advantages of its use are: 

- Fewer blasthole deviations, above all in inclined 
drilling. 

- Less wear on the tricone and better drilling rates due 
to improved feed force. 

- Less skirt, gauge insert and bearing wear. 

- Improved blasthole wall stability as the drill pipes 
do not bend. 

- Improved bulk explosive loading, as the distribution 
is more uniform. 

The stabilizer should have a diameter similar to that of 
the hole, usually %" (3 mm) smaller than that of the 
tricone bit. 

There are two types of stabilizers: blade type and roller 
type. 

The blade type is least expensive but the disadvantages 
are that it must be used with wear bars, it reduces the 
available rotary torque and is unstable in hard ground 
after drilling the first holes. 
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The roller type stabilizers with tungsten carbide but¬ 
tons do not require much rotary torque, are more expens¬ 
ive and also more efficient than the blade type. 


4.9.4 Single pass drilling 

The use of high masts, up to 27 m, which allow each hole 
to be drilled in a single pass with lengthening the drill 
string has the following advantages: 

- No added drill pipes which takes from 2 to 6 minutes 
each. 

- Reduced thread wear. 

- 10 to 15% increase in production. 

- Easier blasthole cleaning. 

- Permits a continuous -air flow through the bit which 
is especially interesting in blastholes with water. 

- Reduces loss of feed and rotation force transmission 
as there are no unions between pipes. 

There are a few disadvantages to single pass drilling 
such as: 

- Higher masts are more unstable, especially in the 
rotary head. 

- The mast requires stronger anchoring to the rig. 

- More care has to be taken when moving. 

- The feed transmission chain needs an improved 
design. 


4.9.5 Vibration and shock subs 

Since 1967 a series of vibration and shock absorption 
systems have been developed which give the following 
benefits: 

- Lower rock drill maintenance cost by reducing axial 
and torsional shock loads transmitted to the mast. 

- Increase in drilling rate by improving bit contact 
with the rock and enabling a better use of the combination 
feed force/drilling rate for each type of formation. 



- Increased service life of the bit as the impacts to the 
bearings and cutting structure are absorbed. 

- Less noise level in the operator cabin as the direct 
contact rotary head/drill bar is eliminated. 

Anti-shock couplings should be used in broken 
ground, alternating hard and soft layers and in hard 
formations. 

The type of shock subs used are: 

- Horizontal shock absorbers. 

- Vertical shock absorbers (swivel mounted). 

- Nitrogen shock absorbers (gas spring) 

Horizontal shock absorber 

Performs as a flexible and compressible unit and reduces 
vertical and transversal vibration. Field tests have shown 
an increase in penetration rate of 5% in soft rocks and 
20% in hard rocks, with a 25% increase in tricone life. 
One of the characteristics of this system is that it only has 
two elements that can be worn out. 

Vertical shock absorber (swivel mounted) 

This type has an assembly of 18 elastic segments that are 
mounted vertically, giving a performance similar to that 
of the horizontal shock absorber, Fig. 4.12. 

Nitrogen shock absorber (gas spring) 

This system uses pressurized nitrogen. Its main disad¬ 
vantage is the high initial cost and maintenance. 


4.9.6 Blasthole reamers 

This is an interesting practice as it permits the use of 
explosive columns similar to spherical charges. The ad¬ 
vantages of the system of chambering against the con¬ 
ventional uniform blasthole can be summed up as fol¬ 
lows: 

- Less volume of rock drilled. 

- Higher production output. 

- Less manuevering time. 

- Lower volume of stemming, and 

- Improved muckpile profile for front end loader. 
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4.10 AUXILIARY ELEMENTS 

4.10.1 Dust elimination 

A large amount of dust builds up during drilling and if not 
eliminated, apart from affecting the health of personnel, it 
can create maintenance problems in the rock drill. Dust 


suppression can be carried in two ways: 

- Wet system. 

- Dry system. 

The wet system consists in adding a small amount of 
water, with or without foam, into the flushing air. The dust 
that has formed in the bottom of the hole becomes caked 
and is bailed upwards with the cuttings. 

This system is simple but has disadvantages, which 
are: 

- Lower service life of the tricone bit - between 15 to 
20 %. 

- If too much water is injected the dust can become 
pasty, thick and abrasive, which is difficult to bail out and 
could cause great wear on the drill string. 

- In cold climates it produces operative problems. 

The dry dust suppression system consists of a dust 

collector mounted on the rig and composed of cyclones 
and filters. The big advantage of this method is that it does 
not affect the bits and is very efficient. However, when 
water is present in the hole its efficiency is quite reduced 
and the maintenance is high. 

The operators cabin and the engine room are usually 
pressurized to keep the dust out. 

4.10.2 Leveling 

When the machine is drilling, its weight rests on leveling 
jacks which are pinned to the drills main structure and can 
be regulated from the operator cabin. Each rig usually has 
from three to four jacks and it takes about 1 minute to set 
them up. 

A hydraulic jack at each comer of the machine is 
usually the best arrangement to evenly distribute the 
weight, reducing strain on the rig, mast vibrations and 
general damage, Fig. 4.14. 

4.10.3 Stability 

In order to obtain high productivity, the rigs should be 
able to move with the mast and drill string in the vertical 
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position. For this reason, the equipment should be de¬ 
signed in such a manner that its center of gravity is as low 
as possible and close to the centerline of the crawler. The 
crawlers can be oversized to increase stability and carry 
ballast to keep the rig in balance. 

4.10.4 Gradeability 

Rigs on crawlers are capable of propelling up 10 to 12% 
grades for one hour and reach peak gradeability of 20% 
for a short time. 

4.10.5 Oil or grease injection 

The injection of oil into the flushing air provides extra 
lubrication to the bearings of the tricone bit, helping to cut 
down on wear, Fig.4.15. 

If the flow is excessive, the air passages in the bearings 
can become blocked and premature failure could occur, 
as well as the dust taking on,a pasty consistency which is 
an obstacle for uphole bailing. 

If compressors with sliding-vanes are used, it has been 
found that the service life of the bits increases noticeably, 
as the air carries a small amount of oil with it. For this 
reason, if the compressors that are mounted on the rigs are 
of rotary screw type then it is recommended that oil be 
injected into the flushing air. 


4.11 OPERATIVE PRACTICE. DRILLING 
PARAMETERS 

The internal parameters that intervene in rotary drilling 
are: 

- Feed or pulldown force on the bit. 

- Rotation speed. 

- Bit wear. 

- Blasthole diameter, and 

- Flushing air flow. 

The external parameters are the following: 



- Characteristics and compressive strength of the 
rocks, and 

- Operator efficiency. 

4.11.1 Feed or thrust load on the bit 

The feed force applied to the bit should be sufficient to 
overcome the compressive strength of the rock, but not 
excessive to avoid premature or abnormal failure of the 
tricone bit. 

The drilling rate increases proportionately with the 
feed, up to the point where the bit becomes locked against 
the rock as the teeth or inserts bury into the material, Fig. 
4.16, or because of the high drilling rate and the large 
volume of cuttings produced the blasthole is not adequa¬ 
tely cleaned. 

In hard formations, a high thrust force on the bit can 
produce breakage of the inserts before the bit becomes 
stuck or the hole cleaning is defective. Also the bearing 
life is diminished, but not necessarily the length drilled by 
the rolling cone bit. 

When rock is drilled, the tricones can work in three 
different situations, Fig. 4.17. 

a) With insufficient feed or pulldown. 

b) With efficient advance, and 

c) When the tool becomes buried. 

The minimum pulldown under which a rock is not 
drilled, can be estimated from the following equation: 

E m = 28.5 x RC x D 

where: E m = Minimum pulldown (pounds), RC = Com¬ 
pressive strength of the rock (MPa), D = Diameter of the 
tricone bit (inches). 
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E l = 810 x D 2 

where: E L = Limit pulldown on the tricone (pounds), 
D = Diameter (inches). 

Table 4.2 gives the limit values for tricones of different 
diameters. 

4.11.2 Rotation speed 

Penetration rate increases with rotation speed in a propor¬ 
tion that is slightly lower than the unit, up to a limit 
imposed by the bailing out of drill cuttings, Fig. 4.18. 

Rotary speeds vary from 60 to 120 r/min for steel 
toothed roller tricones, and from 50 to 80 r/min for those 
with tungsten carbide inserts. 

Table 4.3 gives the rotary speeds that are adequate for 
different types of rock. 

The rotary speed limit is set by bearing wear, which 
itself depends upon the pulldown, the cleaning of the 
blasthole and the temperature; and upon breakage of the 
inserts produced by impacts against the rock, in which the 
intensity is proportional to the square of the rotary speed. 

4.11.3 Wear of the bit 

When steel tooth roller tricones are used, the drilling rate 
goes down considerably as the wear on the bit increases. 

Fig. 4.19, shows how, for a half used roller tricone bit, 
the penetration rate can be reduced by 50 to 75% when 
compared to that obtained with a new tricone. 

4.11.4 Drilling diameter 

Fig. 4.20 shows how the drilling rate obtained with 
constant feed force and rotation speed is proportional to 
the inverse of the squared drilling diameter. 

4.11.5 Airflow 

When drilling is carried out with less air than necessary to 


Table 4.2. 


Diameter of the bit 
(inches) 

Limit pulldown 
(lbs) 

5 1/8 

21.000 

6 1 * 

31.000 

6 3/4 

37.000 

7 ? /8 

50.000 

9 

65.000 

9 ? /8 

79.000 

12 1/4 

121.000 


The maximum pulldown, above which the tricone is 
buried, is considered to be double the previous value. 

E =2 xE 

m m 

limit pulldown that a roller tricone can withstand is in 
function with the size of its bearings which, at the same 
time, depends upon the diameter of the bit: 



Fig. 4.18. Effect of rotary speed upon the penetration rate. 


Table 4.3. 


Type of rock 

Rotary speed (r/min) 

Soft 

75-160 

Medium 

60-80 

Hard 

35-70 
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WEAR ON THE BIT (%) 

Fig. 4.19. Effect of bit wear on the penetration rate. 



clean the blasthole, the following negative effects ap¬ 
pear: 

- Decrease in drilling rate. 

- Higher pulldown required to continue drilling. 

- Increase in drill damage owing to higher rotary 
torque necessary to rotate the tricone. 

- More wear on the stabilizer, drill pipe and bit. 

4.11.6 Criteria for rock drill selection 

Once the drilling diameter has been determined, which 
depends upon: 

- Required output. 

- Capacity and number of loading and haulage equip¬ 
ment. 

- Bench height. 

- Environmental limitations and 

- Operation costs. 

And taking into consideration the geomechanics of the 
rock to be drilled, the following can be determined: 

- Rock drill characteristics. 

- Type of roller tricone bit. 


- Drill steel and accessories. 

The adequate design of a rock drill requires taking into 
account the rotary power necessary to rotate the bit and 
the method of bailing out the drill cuttings. 

Rotary power 

The required rotary power is equal to the product of the 
rotary torque necessary to rotate the bit by the rotation 
speed. 


where: HP r = Rotary power (HP), N r = Rotation speed 
(r/min), T r = Rotary torque (Ib/ft). 

The rotary torque increases with the thrust load on the 
bit and the depth of the blasthole. Normally, the drills are 
designed with a torque capacity in the range of 10 to 20 
lb/ft for each pound of pulldown load. 

When the necessary torque is not known, the rotary 
power can be calculated from the following equation: 

HP r = KxN r x D 2 5 x E 1 - 5 

where: HP r - Rotary power (HP), N r = Rotary speed 
(r/min), D = Drilling diameter (inches), E = Pulldown 
(feed) force (thousands of pounds per inch of diameter), 
K = Constant of the rockformation (Table 4.4). 

In Fig. 4.21, the drilling energy per unit of volume is 
represented as function of the compressive strength. 

Necessary pulldown force 

The power necessary for the pulldown is low when 
compared to that of rotation, Fig. 4.22. 

Besides, the pulldown on the bit, as seen before, de¬ 
pends upon the diameter and the compressive strength of 
the rock, Fig. 4.23. 

The feed capacity of the machine should be 30% more 
than the maximum working feed. 

Once this design parameter is known, the weight of the 
machine will be defined, as the feed is usually 50% of the 
working weight, with a 10 to 15% in reserve to assure rig 
stability during operation and movement. 

Compressor 

There are two most commonly used types of compressors 
nowadays: sliding-vane or rotary-screw type. The range 
of capacities goes from 7 to 70 m 3 /min approximately. 
Both the size and type of this equipment is optional in 
most cases. 

Rotary-screw type compressors work at higher pressu¬ 
re than those of sliding-vane type, have a more simple 
design and are more compact and give higher mechanical 
availability. 

Type of rolling cone or tricone bit 

One of the most important aspects of rotary drilling is the 

choice of the proper bit. If not, the following will occur: 

- Penetration rate lower than optimum. 

- Reduced bit life, giving a higher cost per meter 
drilled. 




(10*FT lb/lnch a ) 
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Table 4.4. 


Rock 

Compressive 
strength (MPa) 

Constant (K) 

Very soft 

- 

14.10' 5 

Soft 

- 

12 . 10' 5 

Medium soft 

17.5 

10.10~ 5 

Medium 

56.0 

8.10 -5 

Hard 

210.0 

6.10- 5 

Very hard 

476.0 

4.10 -5 



Fig. 4.21. Drilling energy as function of the compressive strength. 



Fig. 4.22. Comparison of rotary power and pulldown force for differ¬ 
ent types of Rock. 


4.12 PENETRATION RATE 

Penetration rate depends upon many external factors: 
geologies, physical properties of the rocks, distribution of 
stresses and internal structure. This makes it difficult for 



BLASTHOLE DIAMETER (inch) 
Fig. 4.23. Pulldown force on the bit as function of the diameter and 
type of rock (1 Kip = 4.448 kN). 


the project engineer to determine the drilling rate during 
the actual planning of the project, but highly necessary as 
the decision taken will effect the rest of the operations. 

There are two procedures that can be used for deter¬ 
mining the penetration rate: 

1. The taking of representative samples and carrying 
out scaled down tests by the bit manufacturers. They will 
then send a report in which the following will be indi¬ 
cated: 

- The type of roller tricone recommended. 

- Suggested thrust load and rotary speed. 

- Estimated penetration rate, and 

- Predicted service life of the bit. 

The reliability of the results depends on the represen- 
tivity of the samples sent to the manufacturer and, in 
general, the reports are usually conservative in their 
production and cost calculations because the effects of 
discontinuities and their infilling are not taken into 
account. 

2. Calculation of the penetration rate from the com¬ 
pressive strength of the rock. 

This procedure is based upon use of empirical for¬ 
mulas suggested by several investigators. 

4.12.1 Tests on samples 

There are two procedures known as Microbit and In- 
den ter Test. 

The first, and oldest, has been used since the decade of 
the fifties. In consists of drilling small formation samples 
with a 1V 4 " (32 mm) microbit with a 200 pounds load on 
the bit and at 60 r/min. 

Each test is carried out by drilling a hole 3 /}z" (2.4 mm) 
deep and recording the drilling time each x /n" (0.8 mm). 
After each test the bit wear is measured and registered. 

The results obtained are correlated with real data, Fig. 
4.24, and the life of the tricone bit is estimated. 

The system gives good results in soft to medium for¬ 
mations, that can be drilled with steel tooth roller bits, but 
in hard formations where tungsten carbide insert bits 
have to be used, very low penetration rates are obtained 
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Photo 4.2. Microbit test. 


Photo 4.3. Indentor test. 



Fig. 4.24. Calculation of the penetration rate from the Microbit tests. 


with the microbit and the cutter wear is so high that the 
results do not give an accurate estimate. 

In the second test a hemispherical shaped tungsten 
carbide tooth or indenter is applied to the sample and the 
load increased in 500 pounds intervals up to a maximum 
of 5000 to 6000 pounds, until rock failure occurs, Photo 
4.3, establishing the indenter or E u value which is consi¬ 
dered to be the threshold force at time of fracture. 

The feed force that must be applied to the bit is: 

E = E u xI c 

where: E = Feed force, E u = Threshold force, I c = Num¬ 
ber of inserts of the tricone that are in contact with the 
rock at a given instant. 

However, / c usually represents an 8% of the total 
number C ; of tricone inserts, so the previous equation 
changes to: 

E = 0.08 x E u x C,. 

The penetration rate will be given by: 


V = N r x p 

where: VP = Penetration rate, N r = Revolutions per 
minute, p = Tricone penetration per revolution. 

Also, the advance of the tricone bit in a revolution p 
should be proportional to the penetration p obtained in the 
test: 


p = Kx p" 

where K is a constant that covers the actual field condi¬ 
tions that the test cannot reproduce. 

The final equation for penetration rate is as follows: 

VP = Kx N r p' = K x N ~ x E = K x N r 



E \ 

- = K' x N x 

\0.08 x Cj 



This equation gives the penetration rate from a group of 
known parameters. 

As in most cases the roller tricone bits are thrown away 
when there is bearing failure, their useful lives can be 
estimated in meters by multiplying the penetration rate by 
the number of hours of bearing service life. 


4.12.2 Empirical formulas for estimating the 
penetration rate 

This procedure is very simple and is based upon empi¬ 
rical formulas that were developed from field tests. They 
usually take into account the following parameters: 

- Drilling diameter. 

- Pulldown force on the bit. 

- Rotary speed, and 

- Uniaxial compressive strength. 

The unknown parameter is the Compressive Strength, 
which can easily be determined by a field or laboratory 
test, from the Point Load Strength Index. 

In 1967, after investigation work was carried out in 
iron mining exploitations in Canada, A. Bauer and P 
Calder suggested the following equation: 
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VP E 

log — = K x log — 

6 RC 

12 

where: VP = Penetration rate (feet/hour), K = Factor that 
depends on the rock and varies between 1.4 and 1.75 for 
rocks with compressive strength in the range of 15.000 to 
50.000 pounds per square inch, E = Pulldown force 
(pounds per inch of diameter), RC = Compressive rock 
strength (pounds per square inch). 

In 1971, Bauer modified the equation by introducing 
another parameter-rotary speed: 

E N r 

VP = [61-28 log m flq x - x — 

D 300 

where: VP = Penetration rate (feet/hour), RC = Com¬ 
pressive strength (thousands of pounds per square inch), 
E/D = Unitary feed force (thousands of pounds per inch 
of diameter), N r = Rotary speed (r/min). 

This equation gives good results in the range of com¬ 
pressive strengths mentioned. 

In Fig. 4.25, there is a nomograph to calculate the 
penetration rate as function of the compressive strength. 

R. Praillet, in 1978, deducted the following empi¬ 
rical equation: 

2.18 x £ x IV 

VP =--- 

RC 

0.2 x RC x D 0 - 9 x - 

10.000 

where: VP = Penetration rate (m/h),£ = Feed force (kg), 
N r = Rotary speed (r/min), RC = Compressive rock 
strength (MPa), D = Diameter of the roller tricone bit 
(mm). 

This formula is more reliable in the whole range of 
compressive rock strengths and permits calculation of the 
RC value in a working operation. 



2 3 4 5 6 7 8 10 2 3 4567 

COMPRESSIVE STRENGTH (ICflb/inch 2 ) 


Fig. 4.25. Estimation of the Penetration Rate from the Compressive 
Strength (Bauer and Calder). 



PULLDOWN PER UNIT OF DIAMETER (Ibs/inch) 


Fig. 4.26. Nomograph of penetration rates. 


And lastly, the manufacturers of roller tricone bits have 
drawn up simple nomographs where, in function with the 
compressive rock strength, the penetration rate can be 
calculated for a constant rotary speed of 60 r/min Fig. 
4.26. 

4.12.3 Average drilling rate 

Once the penetration rate has been calculated, the average 
rate should be estimated after including the non¬ 
productive times and the mechanical availability of the 
machine which is usually 80%. It is calculated by the 
equation: 

VM = 2 x VP 0 65 

where: VM = Average drilling rate (m/h), VP = Penetra¬ 
tion rate (m/h). 

Another more exact way of calculating VM is taking 
into account the individual non-productive times, dis¬ 
cussed before in the chapter on rotary percussive dril¬ 
ling. 


4.13 CALCULATION OF DRILLING COSTS 

The drilling costs per meter drilled is calculated with the 
following equation: 

C A + C, + C M +C 0 + C E + C L 


where: Indirect costs', C A = Depreciation ($/h), C I = In¬ 
terest rates, taxes and insurance ($/h). Direct costs', 
C M = Maintenance ($/h), C 0 = Labor costs ($/h), 
C E = Power costs ($/h), C L = Grease and lubrication 
($/h), C B = Bit, stabilizer and drill pipe ($/h), VM = 
Average drilling rate (m/h). 









62 


Drilling and blasting of rocks 


4.13.1 Depreciation 

The estimated operative life of these machines can be 
from 50.000 to 100.000 hours for electric rock drills and 
from 16.000 to 30.000 hours for the diesel-hydraulic 
units mounted on trucks. In order to calculate the depre¬ 
ciation cost, the purchase price less the residual value is 
divided by the number of estimated hours. 

Purchase price - Residual value 

Q = 

Hours of operative life 


4.13.2 Interest rates, insurance and taxes 

Most of the machinery is purchased with borrowed 
money, thus the interest rates must be taken into account, 
plus the insurance costs and taxes. In order to calculate 
the total, the following equation is used: 

N+ 1 

——— x Purchase price x % (interest + 
r _ 2N insurance + taxes) 

Lj -- 

Work hours per year 
where: N = Number of years of service life. 


4.13.3 Maintenance costs 

This includes repairs due to breakdown and those for 
preventative maintenance. It can be estimated by mul¬ 
tiplying the cost of the machine by 5 x 10 -5 for electric 
rigs, and by 6 x 10“ 5 for diesel units. 


its importance as its influence on drilling costs can run up 
from 15 to 40% of the total, depending upon the hardness 
of the rock. 

The service life of a tricone bit can be estimated from 
the following equation: 

28.140 x D 155 x £/ 167 

LIFE(m) =- x3 x VP 

where: D = Diameter (inches), E = Pulldown force on 
the bit (thousands of pounds), N r = Rotary speed (r/min), 
VP = Penetration rate (m/h) 

The drill pipes and stabilizers usually have an average 
life of 30.000 and 11.000 m, respectively. 


4.13.9 Example 

In a mining operation, an electric drill is used with a total 
pulldown force of 70.000 pounds that drills rock with a 
compressive strength of 75 MPa, with a 9" (229 mm) 
diameter. The actual data of the operation are: 

- Feed force on the bit: 39.000 pounds. 

- Penetration rate: 34 m/h. 

- Rotary speed: 60 r/min 

The purchase price of the equipment is 1.85 million 
dollars, and the administration wants to calculate the 
costs per lineal meter drilled. 

The areas that make up the total cost are: 

1,850,000$ 

C, =-= 23.12 $/h (without residual 

80,000 h value) 


4.13.4 Laborcosts 

This corresponds to the cost/hour of the driller, including 
social security, vacations, etc., and also that of the helper, 
when necessary. 

4.13.5 Power costs ' 

This cost can be electric or diesel energy, and it is calcu¬ 
lated from the engine specifications. 

4.13.6 Oil and grease (lubrication) 

This cost is determined from the data supplied by the 
manufacturer, with reference to the oil changes, hydraulic 
systems and carter or deposit capacity. The estimate is 
usually between 15 and 20% of the power costs. 

4.13.7 Average rate 

This is determined from the what was exposed in Section 
12 of this chapter. 

4.13.8 Bit, stabilizer and drill pipe 

This is one of the critical areas, as there is a lack of 
previous information from the technicians, and also for 


x 1.85 x 10 6 $ x 0.2 

C, = —--= 46.60 $/h 

4.300h 


where: 

C M = 1.85 x 10 6 x 5 x 10" 5 = 92.50 $/h, 

C 0 = 26.00 $/h, 

C E = 185 kW/h x 0.13 $/kW = 24.05 $/h, 

C L = 0.2 x C E = 4.81 $/h. 

Indirect Costs = C A + C t = 69.72 $/h, 

Direct Costs = C M + C 0 + C E +C L = 147.36 $/h, 
VM = 2 x 34 0 - 65 = 19.8 m/h. 

Life of the roller tricone bit 

28,140 x 9 1 - 55 x 39" 1 - 67 

- x 3 x 34 = 3.174m 

60 

4,750 

C RI -- = 1.496 $/m (Tricone bit) 

3,174 

2 820 

C m = —-= 0.256 $/m (Stabilizer) 

11,000 

3,230 

C R i = —-= 0.108 $/m (Drill pipe) 

30,000 
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Cg — Cgj + Cg 2 + Cg^ — 1-86 $/m 
69.72 + 147.36 

C T = - + 1.86 = 12.82 $/m 

19.8 
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Rolling cone rock bits 


5.1 ROLLING CONE ROCK BITS 

Although these bits, as drilling tools, made their first 
appearance in 1910, it can be said that until the develop¬ 
ment of rotary rigs in the sixties, an improvement in 
design and manufacturing of this type of bit did not 
become a reality, bringing about its massive use in min¬ 
ing. 

In the beginning the bits were only used in soft forma¬ 
tions or those that offered little resistance, but at present, 
these tools have given rotary drilling a competetive place 
amongst other hard rock drilling methods. 

The work of a rolling cone, or tricone, rock bit is based 
upon a combination of two effects or actions: 

Indentation 

The steel teeth or tungsten carbide inserts of the bit 
penetrate into the rock owing to the pulldown or feed 
force exerted on it. This mechanism is equal to rock 
crushing. 

Cutting 

The fragments of rock are formed from the lateral scrap¬ 
ing movement of the cones when they rotate against the 
blasthole bottom. 

The cutting action is only produced as such in soft 
rocks, as it is actually a complex combination of crushing 
and shearing owing to the movement of the bit. 


5.2 MAJOR COMPONENTS AND DESIGN 
FEATURES 

The main components of a rolling cone rock bit and, in 
consequence, design features are: the cones, the bearings 
and the bit body. 

5.2.1 Cones 

The design parameters of the cones are discussed below. 

Journal orpin angle of the cone 
One of the most important aspects that must be taken into 
consideration when designing a roller tricone bit is the 
angle that the center line or axis of the bearing pin and 
cone make with the horizontal plane. Another explana¬ 
tion would be the angle formed by the axis of the rock bit 
and a line perpendicular to the axis of the journal. This 


angle determines the diameter of the Milled tooth cone in 
accordance with the diameter of the blasthole. If the 
journal angle is increased, the diameter of the cone should 
decrease and vice versa, Fig. 5.2. 

Fig. 5.3 shows the geometric parameters that charac¬ 
terize the placing of the ‘toothed’ cones in two types of 
rock formations. 

The advance of the roller tricone bit in the bottom of 
the blasthole is mostly regulated by the size and shape of 
the cones, i.e. its profile. 

Cone offset 

Another design factor to take into account is the offsetting 
of the cone axes so that they do not meet at the center of 
bit rotation Fig. 5.4. Cone offset is the parallel or angular 
horizontal displacement of the center of a cone relative to 
a vertical plane through the axis of the bit and in the 
center of the corresponding 120 degree sector. This pro¬ 
duces additional scraping action, when tailored to the 
formation, and in most instances improves penetration 
rates. 

When working in hard rock, the offset is practically 
null, as the cones have ‘true-rolling action’ meaning that 
the cones roll in a true circle with little scraping action. 
The rock is broken primarily by chipping and crushing. In 
soft rocks the tendency is towards more offset, which 
produces breakage through the twisting and tearing ac¬ 
tion of the teeth due to cone slippage, which scrapes and 
gauges the bottom of the hole, along with rotation. In 
medium rocks both effects are combined, rotation and 
scraping, breaking the rock by crushing and scraping. 

Cone angle 

The cone angle is inversely proportional to the journal 
angle, so that when the latter increases, the cone angle 
should diminish to avoid interference between cones, 
Fig. 5.5. 

Tooth length 

In a steel tooth rolling cone bit, the tooth length is 
determined by the depth of the grooves or milling cut into 
the cones which form the inner and outer ends of the cone 
teeth. If the bit has inserts, then the length will be given by 
the visible part of the hard metal buttons, Fig. 5.5. 

Cone shell thickness 

There must be a minimum thickness to insure the struc¬ 
tural strength of the cone. The thickness is determined by 
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bearing size, by the depth of the grooves in the steel tooth 
bits and by the depth of the sockets in the button bits, Fig. 


5.5. 


5.2.2 Bearings 

The following are the types of bearings used in tricone 
bits: 

- Roller and ball. 

- Flat bearings, also called friction or nose bearings, 
with lubrication. 

The bearing pin roller race is subjected to the major 
part of the radial load in the cone, while the nose bearing 
only takes a small part. 

The thrust surface that is perpendicular to the guide pin 
and to the thrust plug is designed to withstand outward 
loads. The ball race keeps the cone working and is sub¬ 
jected to inward thrust. When other parts of the bearing 
are worn, the ball race also will withstand some outward 
radial loads. 

In blasthole drilling tricone bits, a high percentage of 
air is deviated through the bearings in order to cool and 
clean their elements. By adding oil to the compressed air 
conduct, bearing life is lengthened and, therefore, the 
drilling costs lowered. 

5.2.3 Bit body 

The body of the bit is composed of three identical parts 
that are globally known as head. Each head contains an 
integral bearing upon which the cone is inserted as well as 
a deposit and the conduct through which the drilling fluid 
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Fig. 5.3. Journal angles in two types of rock. 
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Fig. 5.4. Cone offset (Hughes Tool Co.). 



CONE THICKNESS 


Fig. 5.5. Cone angle, tooth length and cone shell thickness (Smith- 
Gruner). 


circulates to clean the cuttings from the blasthole bot¬ 
tom. 

One of the jobs of the bit body is to direct the flushing 
fluid towards the area where the cleaning will be most 
effective. 

Modem rolling cone bits have jet nozzles that send the 
air through the cones straight to the blasthole bottom, thus 
requiring suitable flow and pressure from the com¬ 
pressors in order to clean the blasthole and cones as well. 

The three heads are joined to form a unit by computer 
controlled welding, later mechanizing the thread where 
the air tube is inserted. 

The thread transmits the torsion and axial forces pro¬ 
duced by the rock drill to the bit through the conducts. 


5.3 THE METALLURGY OF ROLLING CONE 
ROCK BITS 

One of the most successful achievements in the manufac¬ 
turing of rock bits has been the use of special alloys that 
are different for each bit element, Table 5.1. 


Table 5.1. 


Drill bit elements 

Required properties 

Type of steel 

Cone 

Impact and abrasion 
resistant 

Carbon, magnese, 
nickel and molyb¬ 
denum 

Heads 

Fatigue resistant. 
High impact res¬ 
istance and weldable 

Carbon, manganese, 
chromium and 
molybdenum 

Roller and ball bear- 

High impact res- 

Carbon, manganese, 

ings 

istance 

nickel, chromium 
and molybdenum 

Pilot bushing and pilot 
pins 

Wear resistance 

Carbon, tungsten, 
chromium, molyb¬ 
denum & vanadium 

Surface of bearings 

Wear resistance 

Cobalt, chromium, 
carbon, tungsten, 
and nickel 

Teeth 

High abrasion res¬ 
istance 

Tungsten and carbon 

Inserts 

High abrasion and 
impact resistance 

Tungsten, carbon 
and cobalt 
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5.4 TYPES OF ROLLING CONE BITS 

There are two types: 

- Steel tooth bits (Milled tooth). 

- Tungsten carbide insert bits 

The steel tooth bits have the advantage of their low 
cost, as they are one fifth the price of an insert bit. 
However, the benefits of the insert bits are: 

- They maintain penetration rate during service life. 

- Less feed force is required to obtain a penetration 
rate. 

- Lower rotary torque, thus lowering the stresses on 
the rotary heads. 

- Reduced vibrations, producing less fatigue in the 
rock drill and drill steel. 

- Less wear on the stabilizer and the drill pipe because 
the carbide inserts maintain the diameter of the bit better 
than the tooth inserts. 

- Less non-productive times due to bit changes and 
less damage to the threads. 

5.5 BIT TYPE SELECTION 

When choosing a rolling cone rock bit, the compressive 
strength of the rock and its hardness are the principal 
factors to take into consideration. Normally, the users 
send samples to the bit manufacturers for advice on the 
type of tricone bit necessary, the probable penetration 
rates and wear resistance in meters. 

5.5.1 Steel tooth rolling cone bits 

The tooth bits are classified in three categories according 
to the type of rock formation: soft, medium and hard. 

Soft formations 

The roller cone rock bits for soft formations have small 


Photo 5.1. Steel tooth roller cone rock bit for soft formations (Hughes 
Tool Co.). 


bearings that are compatible with the long teeth and the 
low feed forces on the bit. The teeth are widely separated 
and the cones have a large offset to produce a high 
gouging, scraping effect, Photo 5.1. 

Medium formations 

The bits for medium formations have medium sized 
bearings in accordance with the necessary pulldown 
force and tooth size. 

The spacing, offset and length of the teeth are smaller 
than in the bits for soft formations, Photo 5.2. 

Hard format ions 

The roller cones for hard formations have large bearings, 
and short, resistant teeth that are very close to each other. 
The cones have very little offset in order to increase 
penetration by crushing, with very high feed loads, Photo 
5.3. 


Photo 5.3. Roller tricone for hard formations (Hughes Tool Co.). 


Photo 5.2. Steel tooth Roller tricone for medium formations (Hughes 
Tool Co.). 
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Table 5.2. General classification of rolling cone bits. 


Rock Formations 

Design Features 

Cutting Action 

Type and Model 


Tooth 

spacing 

Tooth 

depth 

Tooth hard 
facing 

Chipping 

crushing 

Gouging 1 
scraping 

Hughes 

Reed 

Smith 

Varel 

Soft formations 

Fomations with low com¬ 
pressive strength and high 
drillability (shale, clay, chalk, 
marl and sand) 

■ 

/ V’ 

lllliglM 

1 

■ 

1 


S 

TS 

GR4 

V3 

V3M 

Medium formations 
(shale, sandstone, limestone, 
mudstone) 

' , \ fry 

' ' 


| 

lilt 

1 

.J 

■ 

|3g|g!K|gJ 

i 

M 




Hard formations 
(sandstone, silstone, car¬ 
bonates, shale, limestone, 
dolomite) 

■ippllll 

.fink - - 


a 

>1 

1 

m 

H, HR 

TH 

GRH 

GRHC 

VH1 

VQM 



TUNGSTEN 

CARBIDE INSERT 

/A 


| 

CHISEL SHAPE (LONG) 1 




IV 



/w\ 

CHISEL TUNGSTEN 
CARBIDE INSERT 








CONICAL TUNGSTEN 
CARBIDE INSERT 


HEMISPHERICAL OR 
CONICAL TUNGSTEN 
CARBIDE INSERT 


Fig. 5.6. Tungsten carbide insert shapes for tricone bits. 


5.5.2 Tungsten carbide insert roller tricone bits 

There are four types of tricone bits that are differentiated 
by their design, size and spacing of the inserts and by the 
cutting action, Fig. 5.6. 

In Table 5.3, the types of rolling cone bits are specified 
with their cutting action as funtion of the type of rock to 
be drilled. 


5.6.2 Effect of weight on cutting elements 

Excessive weight produces breakage of the inserts and 
wear on the cutting structure in hard rocks. 

In soft, non-abrasive formations, the cutting structure 
rarely limits the life of the bit and high feed load does not 
produce damage, as long as there is sufficient air to clean 
the blasthole bottom. 


5.6.3 Effect of rotary speed on bearing life 

Bearing service life is inversely proportional to the rotary 
speed. 


5.6.4 Effect of rotary speed on the cutting elements 

In abrasive formations, the wear of the inserts increases 
with rotary speed. In hard formations, a high rotary speed 
produces breakage on the inserts through impact. 


5.7 NOZZLE SELECTION 


5.6 EFFECTS OF THE OPERATING PARAMETERS 
ON THE ROLLING CONE BITS 

The main operating parameters in rotary drilling are: 

5.6.1 Effect of weight on the bearings 

The service life of a bearing is inversely proportional to 
the cube of the weight placed upon it. However, as in the 
tricone bits friction elements are used, which suffer fati¬ 
gue and wear, this relationship is not valid and it is 
generally accepted that the life of a bearing is inversely 
proportional to the weight elevated to an exponent that 
varies between 1.8 and 2.8. 


Rolling cone bits are designed so that a part of the air 
delivery, approximately 20%, be used for refrigeration 
and cleaning of the bearings. The rest of the air goes 
through nozzles to clean the steel teeth of the cones and 
produce the necessary turbulence to initiate the upward 
bailing of the cuttings through the annular space. These 
nozzled have diaphragms which can be placed in differ¬ 
ent positions to obtain the proper conditions and effec¬ 
tively clean the blasthole bottom. Rechangeable nozzles 
can also be used for the same objective. 

In order to calculate the diameter of the nozzles, for 
one, or three, the following equations are used: 
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Table 5.3. General classification of Tungsten carbide insert tricone bits. 


Rock Formation 

Design Features 

Cutting Action 

Type 

of 

Rolling 

Cone 

Bit 

Type and Model 

Insert 

size 

Insert 

spa¬ 

cing 

Insert 

projec¬ 

tion 

Chipping 

crus¬ 

hing 

Gouging 

scra¬ 

ping 

Hughes 

Reed 

Smith 

Tool 

Varel 

Security 

Atlas 

Copco 

Soft formations 

Low compressive strength 
(<40 MPa) and high 
drillability (talc, shale, 
clays, gypsum) 


SiUlll 

iillli 

ilitlti 

SplllSI 

111(11 

Illlli 

III 

I! i ■ 

Ilf 

0m 
;: 

<- 

I 

HH33 

M51 

M52 

Q4JL 

QMC9 

S8M 

CS251 

CS311 

CS381 

Medium to medium hard 
formations 

The first with strengths 
between 40 and 90 MPa 
(limestone, marbles, sch¬ 
ists, fluorites, etc.). The 
second, with CS between 
90 and 170 MPa (do¬ 
lomites, graywacks, 
feldspars, granites, 
gneisses, etc.) 

■ 

. . . 

« 

flifli 

ifilli! 


■ 

wlPB 

mm 

CMmm 

Willi 

§§lj 

■.I 

lllll 

‘I 

11 

: ■ 

.ill 

■ 

■ 

j|g| 

ill# 

•• -x•> 

■ 

... 


I, III 

HH44 

HH55 

M62 

M70 

Q5JL 

GMC7 

QMC77 

QMC6 

M8M 

CM251 

CM311 

CM381 

Hardformations 

With compressive 
strengths between 170 and 
230 MPa (Quartzites, 
pyrites, basalts, taconites) 
more abrasiveness 

F 



i 

tv* f 

: ; 

: l-111 

ff 1111 

III 

HH77 

HH88 

M73 

M80 

Q7JL 

QMCS 

QMCH 

H8M 

H10M 

CH251 

CH311 

Very hardformations 
Compressive strengths 
above 320 MPa (lava, 
topaz, corundum, etc.) 

' Sj«| 

iMM _ 

■ 

1 

WML _ 

1 


IV 

HH99 

M83 

M84 

Q9JL 


H10M3 

H10M4 

CH381 


d,= 


Qa 


43.34 (p a + 32.4) 


for one nozzle 


where: d t = Nozzle diameter (mm), Q a = Air flow 
(m 3 /min), P a = Outgoing pressure from the compressor 
(kPa). 


5.9 EXAMPLE OF ROLLER TRICONE BIT 
SELECTION 

In an operation, the drilling diameter is to be 9" (229 mm) 
with a compressive rock strength of 30.000 pounds/inch 2 
(206.8 MPa). 


5.8 EVALUATION OF DULL ROLLING CONES 

An important job in the effective use of tricone bits is the 
analysis of the worn out or dull bits, as the identification 
of possible causes helps to correct errors in operation and 
improve bit selection. Bit failure is usually due to three 
causes: 

- Bearing failure 

- Failure of the cutting structure, and 

- Shirttail failure. 

a) Bearing failure 

b) Cutting structure failure 


1. The maximum pulldown load on a bit of 9" is given by 
the equation: 

E m = 810 x D 2 = 810 x 9 2 = 65.610 pounds 

65.610 pounds 

E =-= 7.290 -- 

9 inch 

2. The feed load per unit of diameter multiplied by 5 
indicates the maximum compressive strength that can be 
drilled by that bit at maximum feed thrust. In this case we 
have 7.290 x 5 = 36.450 pounds/inch 2 (251.3 MPa), so 
the operation can be carried out. 

3. The feed load that should be given by the drill is 
calculated from the compressive strength of the rock and 
from the diameter: 

30.000 


5 


x 54.000 pounds 
















7! 



Photo 5.9. Shirttail wear (Hughes Tool Co.). 


Photo 5.8. Breakage of heel inserts (Hughes Tool Co.). 
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Table 5.4. 


Possible causes 

Solutions 

Excessive rotary speed 

Reduce speed 

Wrong type of bit 

Change to other type 

Insufficient air to cool bearings 

Check compressor and drill steel 

Blockage in air passage 

Check air conduct 

Excessive feed load 

Reduce load 


Table 5.5. 


Possible causes 

Solutions 

Insufficient air to clean center of 

Increase air volume or reduce ad¬ 

the blasthole 

vance 

Wrong type of tricone 

Change to another type 

-Excessive rotary speed 

Reduce speed 


Table 5.6. 

Possible causes 

Solutions 

Insufficient air for penetration 

Increase air volume or reduce ad- 

rate 

vance 

Jointed or abrasive formations 

Program to thicken or strengthen 


shirttails 

Bending of drill pipe 

Change the drill pipe 


4. The type of tricone bit is indicated by the whole value 
that results from dividing the compressive rock strength 
in pounds/inch 2 , by 10.000. 

In this example they should by of type HI, that is to say, 
with conic shape tungsten carbide inserts. 


Insert bits: 

5- X-X. Soft to medium formations with low compress¬ 

ive strength. 

6- X-X. Semi-hard formations having high compressive 

strength. 

7- X-X. Hard semi-abrasive and abrasive formations. 

8- X-X. Extremely hard and abrasive formations. 

Second digit (1 to 4) 

X-l-X. Numbers 1 to 4 designate formation hardness 
from softest to hardest within each classification 
of the series. 

Third digit (1 to 7) 

Establishes the different features relating to bearings and 
special design of the gage row (outer row) inserts of the 
cones. (Common to Milled tooth and insert bits) 

X-X-1. Standard tricone with open roller bearings. 
X-X-2. Standard tricone with open roller bearings and 
flushing with air only. 

X-X-3. Standard tricone with open roller bearings and 
special tungsten carbide inserts on the outer heel 
(gage face) of the cone. 

X-X-4. Tricone with sealed roller bearings. 

X-X-5. Tricone with sealed roller bearings and special 
tungsten carbide outer heel (gage face) inserts. 
X-X-6. Tricone with sealed friction bearing. 

X-X-7. Tricone with sealed friction bearins and special 
tungsten carbide gage face inserts. 
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CHAPTER 6 


Rotary drillling with cutting action 


6.1 INTRODUCTION 

Rotary drilling by cutting action was at its peak in the 
forties, in American coal mines, for blastholes in overbur¬ 
den and in the ore itself. With growing use in surface 
operations using rotary rigs with rolling tricone rock bits, 
this method has been limited to soft rocks, usually with 
small to medium diameters, clearly competing with direct 
breakage systems. In underground jobs, rotary percussive 
drilling has taken over most of the work, leaving only low 
to medium strength rocks that are non-abrasive (potash, 
coal, etc.) to the rotary rigs. 

Drilling by cutting action in production blastholes is 
carried out with bits whose structures have elements of 
tungsten carbide or other materials such as synthetic 
diamonds or poly cry stalines, which vary in shape and 
angle and can be classified in the following types: 

a) Two-wing drag bits, with diameters from 36 to 50 
mm. 

b) Three and four-wing drag bits with diameters from 
50 to 115 mm. 

c) Three replaceable blade bit with fluted reamers in 
diameters that go from 160 to 400 mm. 

6.2 FUNDAMENTALS OF DRILLING WITH 
CUTTING ACTION 

The cutting actions of a rotary drag-bit on rock are, 
according to Fish, the following: 

1. Beginning the cycle immediately after the forma¬ 
tion of a large fragment, elastic deformations by stresses 
owing to the angular deflexion of the bit and to torsional 
strain in the drill rod. 

2. Strain energy is released, with consequent impact of 
the cutting edge against the rock surface, and comminu¬ 
tion of rock fragments. 

3. Build up of stresses at the bit-rock contact area, with 
further crushing and displacement of rock debris, until 
the cutting edge is effectively bearing on a step of unbro¬ 
ken rock which subsequently parts to create a large frag¬ 
ment or chip which, once bailed out, allow a new cycle to 
start, Fig. 6.2. 

The field tests carried out by Fairhurst (1964) show that 
the pulldown load and the rotary torque upon the bit 
undergo great variations owing to the discontinuous na¬ 
ture in chip formation, Fig. 6.3. 

The cutting force is in function with the geometry of 
the bit, the compressive strength of the bit and the depth 


of cut. This force is divided into two, one tangential N t 
and another vertical E, Fig. 6.4. 

The tangential force is the one that overcomes the 
compressive rock strength when confronted with the bit. 
The resisting torque T r , measured in the axis of the 
drilling element, is the product of the tangential force 
multiplied by the radius of the bit. The resisting torque on 
the total cutting area, supposing that it is a circular crown, 
is given by: 



where: T r = Resisting torque, |i = Coefficient of friction, 
E = Thrust on the bit, r 0 = Outside radius of the bit, r, = 
Inner radius of the bit. 

This resisting torque is determined by the minimum 
torque of the rock drill that allows the rock to be pene¬ 
trated. Calling r e the effective radius of the bit, which is 
equal to 



the previous equation is transformed into 
T r = [lxExr e . 

It is deduced that if [I is constant, the torque is propor¬ 
tional to the thrust load on the cutting tool. In reality, the 
coefficient (i is not constant, as it oscillates with the 
thickness of the cut and with the feed force itself. 

The index that determines the penetration in the rock is 
obtained by the relationship between the energy con¬ 
sumed by the drill and the specific rock energy. The total 
energy consumed by the equipment is 2%N r T r , where N r 
is the rotary speed, which gives the following: 

2 x kx N x T r Jtxu x Ex Nx r 
yp - _£_ l = _L__ L _£ 

E v xA r E v x A r 

where: E v = Specific rock energy, A r = Area of the blast- 
hole cross section. 

From this relationship it can be deduced that the pene¬ 
tration rate for a given rock and for a determined drilling 
diameter is linearly proportional to the thrust and rotary 
speed, although this is not completely hire in practice, as 
it has been indicated that the friction coefficient of the 
rock varies with the thrust. In Fig. 6.5, it can be observed 
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a) TWO WING DRAG BIT 




b) THREE AND FOUR WING DRAG BIT 



c) THREE REPLACEABLE BLADE BIT 

Fig. 6.1. Rotary drag bits. 



accumulation 



Fig. 6.2. Drag-bit cutting sequence (Fish and Barker, 1956) 


-THRUST DARLEY DALE SANDSTONE 

N lb TORQUE 229mm/min CUTTING SPEED 



DISTANCE CUT 

Fig. 6.3. Drag-bit force - displacement curves (Fairhurst, 1964) 


CUTTING EDGE 



Fig. 6.4. Forces that act upon the cutting tool. 



Fig. 6.5. Basic thrust-penetration rate curve for rotary drag-bit drilling 
(Fish and Barker, 1956). 


that there is a thrust value under which a theoretical 
penetration rate is not achieved, only excessive wear, and 
a limit value which, if surpassed, will produce clogging 
of the bit. 

The rotary speed is limited by the growing frictional 
wear on the bits as the number of revolutions increases. 
Apart from the abrasiveness of the rocks, it must be taken 
into consideration that the wear increases with higher 
feed loads and the frictional forces between the rock and 
bit become higher. 

In Table 6.1, the recommended thrusts and rotary 
speeds are given in function with blasthole diameter and 
compressive rock strength. 
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Table 6.1. 


Compressive 
rock strenth 
(MPa) 

Unitary thrust 
(N/mm) 

Blasthole dia¬ 
meter (mm) 

Rotary speed 
(r/min) 

<30 

< 140 

<50 

<800 

30-50 

140-210 

>75 

> 100 



<50 

600-800 



>75 

70-100 

>50 

>210 

<50 

<600 

>75 

<70 




Two practical limits of rotary drilling can be given: 
compressive rock strength, which should be under 80 
MPa, and the siliceous content, which should be less than 
8%, because, if not, the wear could be uneconomical. 

Eimco-Secoma has developed a test for measuring the 
drillability and abrasiveness of the rocks. It consists of 
drilling a hole in a rock sample with constant thrust and 
rotary speed. The bit is of tungsten carbide and the 
flushing is carried out with water. 

A penetration-time curve is obtained and, from this, 
the drillability index or hardness expressed in 1/10 mm of 
advance and, by measuring the wear undergone by the 
calibrated tool during 30 seconds, the abrasiveness is 
determined in tenths of mm of bit edge wear. 

The rocks are clasified in four groups or zones, in 
function with the two parameters, which define the most 
adequate drilling methods. 

Zone I 

Zone with soft formation and low abrasiveness. Dry, 
low-thrust rotary drilling is suggested with low air pres¬ 
sure. 

Zone II 

Medium hard formation and low abrasivity. Dry medium- 
thrust rotary drilling with medium pressure air injection. 

Zone III 

Fairly hard rock, low abrasiveness. High-thrust rotary 
drilling and high pressure water flushing. The thrust can 
reach 20 kN. 


Zone IV 

Very hard formation and high abrasiveness. Use rotary 
percussive drilling with air or water flushing. 

The drilling parameters for each zone, for drilling 
diameters between 30 and 51 mm are, according to 
Secoma, the following: 

Zone I 

Rotary drilling with little thrust. 

- Thrust: From 1 to 8 kN. 

- Rotary speed: 800 to 1.100 r/min. 

- Dry drilling 

- Types of rock: coal, potash, salt, gypsum and soft 
phosphate. 

- Tools: Spiral rods; Two wing drag-bits, 8 = 110- 
125°, P = 75°, y = 0-14°. 

- Drilling rates = 3.5 to 5 m/min. 

- With humid air the penetration rates are multiplied 
by 1.5 and 2. 

Zone II 

Thrust: 8 to 12 kN. 

- Rotary speed: 550 to 800 r/min. 

- Drilling with humid air injection. 

- Types of rock: Limestone and soft bauxites, soft iron 
ores. 

- Cutting bits: 5 = 125°, p = 75-80°, y = 0-2°. 

- Penetration rate: 2 to 3.5 m/min. 

Zone III 

Thrust: 12 to 18 kN. 

- Rotary speed: 300 to 550 r/min. 

- Drilling with water injection. 

- Types of rock: Bauxites and medium limestones, 
schists without quartzites, hard gypsums and hard 
phosphates. 

- Cutting bits: 5 = 125-140°, p = 80°, y = -2-6° 

- Penetration rate: 1 to 1.8 m/min. 

The rotary power, in HP, necessary to make a drag-bit 
rotate, is calculated with the following equation: 

HP r = 8.55 x 10' 9 xD 2 x N r xE 2 


< 



DRILLABITY SCALE 


ROTARY 

DRILLING 


Fig. 6.6. Rock classification accord¬ 
ing to its drillability and abrasive¬ 
ness (Eimco-Secoma). 
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where: D = Diameter (mm), N r = Rotary speed (r/min), 
E = Thrust load (kN). 

The necessary rotary torque is determined from the 
equation: 

HP x 7.14 

'T' _ r 


where: T r ~ Rotary Torque (kN.m). 

6.3 FLUSHING OF DRILL CUTTINGS 

Drill cuttings are eliminated with a flushing fluid that can 
be air, in surface operations, or water or humid air in 
underground jobs. 

The advantages that the use of air with water injection 
brings are the following: 

- It facilitates upward bailing, thus increasing the 
advance rate. 

- It cools the drill bit, reducing wear. 

- It avoids blasthole filling. 

- It eliminates dust which is very important in abras¬ 
ive formations. 

According to Eimco-Secoma, in order to inject humid 
air around 1.000 to 1.5001/min of air are necessary and, 
for each rock drill, about 250 cm 3 /min of water. 

In very soft rocks, from 30 to 40 MPa, helicoidal drill 
steel can be used, with larger pitch as the penetration rate 
increases for efficient removal of the drill cuttings, Fig. 
6.7. 

In Table 6.2, apart from the typical penetration rates in 
different types of rocks, the most commonly used flush¬ 
ing systems are indicated. 

6.4 CUTTING TOOLS 

The cutting efficiency of a tool depends largely upon its 


Table 6.2. 


Type of rock 

Penetration rate 
(m/min) 

Flushing system 

Hard gypsum 

1.5-2 

Water 

Limestone, bauxite 

1.5-2.5 

Water 

Soft iron ore 

1.5-3 

Water or dry 

Soft gypsum 

3.8-6 

Humid air or dry 

Phosphate, coal, salt, 
potash 

3.5-10 

Humid air or dry 


design, according to the type of rock that is to be drilled. 
Fig. 6.8. 

The attack angle 5 usually varies between 110° and 
140°, becoming increasingly obtuse in harder rock: if not, 
the hard metal would splinter. On occasions bits have 
been 

designed with rounded contours. 

The angle of the cutting wing (I varies between 75 and 
80° and that of the cut y between -6 and 14°, being 
positive in soft rocks and negative in hard rocks. 

Lastly, the backing-off angle or clearance angle is 
8 = 90° - p = y. 

During drilling, a point on the cutting bit located at a 
distance r advances along a helical path. The angle of 
inclination of this helix is: 



where p is the advance of the bit per revolution. 

Owing to the movement of the bit along the helix, the 
effective clearance angle is reduced: 

e = 8 - to 

For points near the center of the bit the effective clearance 
angle is zero, as in these zones the tool compresses the 
rock. For this reason, drag-bits designed with a central 
gap usually reach higher drilling speeds. 

At the end of the seventies, General Electric manufac¬ 
tured the first Compact Diamond Polycrystalline-PDC, 



1) HOLLOW STEM AUGER, 1.6m LENGTH 

2) HEX DRIVE CAP 

3) ROD TO DRIVE CAP ADAPTOR 

4) LOCKING PIN 

3) LOCKING PIN BOLT 

6 ) CENTRE DRILL ROD 

7) PLUG 

8 ) PLUG BOLT 


9) BIT TYPE CUTTER HEAD BODY 16) PILOT BIT SHANK 

10) CARBIDE INSERT BIT 17) BOLT, PILOT BIT SHANK 

11) BIT LOCK RING 18) TUNGSTEN CARBIDE PILOT BIT. LARGE SIZE 

12) BLADE TYPE CUTTER HEAD 19) PILOT BIT, SOFT FORMATION 

13) CARBIDE INSERT BLADE 20) HEX QUICK BREAKOUT ADAPTOR 

14) BLADE BOLT 21) LOCKING WEDGE 

16) TUNGSTEN CARBIDE PILOT BIT 22) WEDGE PUNCH 


Fig. 6.7. Helicoidal drill rod and bits with different configurations. 
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Fig. 6.8. Some characteristics of a cutting 
1956). 


HOLE FOR AIR 
OR WATER FLUSHING 


■PA 



V -RAKE ANGLE 



Fig. 6.9. Direction of a point on the the bit (Fairhurst, 1964). 





_ GAUGE PROTECTION 
(DIAMONDS OR 
TUNGSTEN CARBIDE) 


CORE CRUSHER 
(TUNGSTEN CARBIDE) 


SECTION X-X 

Fig. 6.10. Drill bit with diamond cutting elements. 


obtained from a mass of very fine diamond particles that 
are sinterized under extreme pressure and embedded in 
tungsten carbide bases that are shaped at high pressures 
and temperatures. The resulting alloy has exceptional 
abrasion resistance along with the high resistance of 
tungsten carbide to impacts. 

The present day diamonds are thermically stable up to 
1200°C in non oxidizing atmospheres and are available in 
sizes that range from 0.005 to 0.18 g (0.025 to 0.9 carats) 
in triangular prism, parallepiped or cylinder shape. 

Apart from their use in exploration drilling, diamond 
bits are used in underground mining for coal, potash, salts 
and gypsums to drill small diameter blastholes, from 35 
to 110 mm. 

In many instances, the penetration rates obtained and 
the service lives of these bits are quite superior to their 
conventional counterparts. 
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Photo 6.1. Rotary drilling equipment with heicoidal drill steel in a 
potash mine. 


CHAPTER 7 


Special drilling methods and mounting systems 


7.1 INTRODUCTION 

Apart from the standard drilling equipment, there are 
units and mounting systems on the market for special or 
very specific applications. 

Among these jobs, a few can be mentioned such as: 
drilling rock masses with overburden of a non- 
consolidated material and/or sheets of water, drilling rigs 
for shafts and raises, thermal and water jet drilling, etc. 

7.2 DRILLING THROUGH OVERBURDEN 

These drilling methods were developed to solve prob¬ 
lems that appeared when drilling in rocky ground, uncon¬ 
solidated or alterated masses, overburdens, etc., that 
require continuous casing tubes to maintain blasthole 
stability. 

Some of the applications for these systems that are in 
use at present are: 

- Drilling for underwater blasting 

- Drilling for rock mass blasting with overburden that 
has not been removed previously. 

- Anchoring 

- Foundations 

- Water wells 

- Soil and core sampling, etc. 

The overburdens can be beds of natural clay, sand, 
gravel, etc., as well as of fill with compact or non¬ 
compact materials, rock fill, etc. 

Drilling can be carried out, as will be noted later on, 
with top hammer or down-the-hole hammer, and consists 
of drilling through the overburden at the same time that 
the casing tube is passed down into the hole, to keep loose 
material from caving in and blocking the hole, so that 
drilling can proceed into solid rock. 

One important feature of these techniques is that the 
flushing, or bailing out, of the debris be very effective. It 
can be carried out centrally through the shank adaptor or 
through a separate flushing head, in which case the fluid 
pressure should be higher. 

The two methods that have been developed are known 
as OD and ODEX. 

7.2.1 OD (Overburden Drilling) Method 

In this method, the descent of the casing tube is carried 
out by percussion and rotation. The equipment consists of 
an outer casing tube with a tungsten carbide ring bit 


mounted on the lower end. The casing tube encloses an 
inner drill string of standard drill steel which is extended 
by use of coupling sleeves that are independent from 
those of the casing tube. The casing tubes as well as the 
drill steel is connected to the hammer by a special shank 
adaptor, which transmits impact force and rotary force to 
both, Fig. 7.1. 

The basic operations for application of the system are: 

- The casing tubes, with or without the inner drill 
steel, proceed simultaneously through the overbur-den. 

- The outer ring bit advances a few centimeters when 
it reaches the bedrock. 

- Drilling is carried out with the inner drill steel unless 
decomposed or sand beds are encountered, in which case 
the casing tube would descend at the same time. 

- The extension rods are drawn up. 

- The plastic casing tubes are allowed to remain in the 
hole to serve as channels for charging the explosive, or 
plastic tubes are inserted for this purpose, and 

- The casing tubes can be removed. 

As between the casing tube and the blasthole walls 
there is friction which increases with depth, the rock drills 
should be used with high rotary torque. 

Water is usually the flushing fluid in these cases, or 
compressed air with or without foam. If the upward 
bailing of the cuttings is insufficient with central flushing, 
then lateral flushing can be added. 

7.2.2 ODEX Method (Overburden Drilling with 
Eccentric) 

In this method, based on the principle of underreaming, 
the casing tube is driven into place by vibrations from the 
drill and its own weight. Very little rotation is necessary. 

The equipment consists of an eccentric reamer bit that 
drills a hole with a larger diameter than the casing tube 
which descends as drilling advances. Once the required 
depth has been reached, the drill string reverses and the 
reamer bit becomes concentric, loosing diameter, and can 
then be drawn up through the casing tube. The standard 
drill steel is then introduced and drilling continues, 
Fig. 7.3. 

The rotary percussive rigs can be top or down-the-hole 
hammers. If top hammers are used, the percussion im¬ 
pacts are transmitted to the casing tube by means of a 
driving cap and shank adaptor which make the tube rotate 
slightly and vibrate. The flushing can be central or lateral, 
Fig. 7.4. 
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Fig. 7.2. Operations in the OD System. 




Fig. 7.4. ODEX top hammer equipment (Atlas Copco). 


Table 7.1. 


Data 

For-down-the-hole-drills 





For top hammers 


ODEX 

ODEX 

ODEX 

ODEX 

ODEX 

ODEX 

ODEX 

OD 


90 

115 

140 

165 

215 

76 

127 

72 

Min. inside diameter (mm) 

90 

115 

140 

165 

215 

76 

127 

72 

Diameter of reamed hole (mm) 

123 

152 

187 

212 

278 

96 

162 

108 

Normal max hole depth in overburden (m)* 

60 

100 

100 

100 

100 

40 

40 

40 

Inner equipment 

3"DTH 

4"DTH 

5"DTH 

6"DTH 

7-8"DTH 

R38 

R38 

R38 

Casing tube 

Weld thread 

Weld thread 

Weld 

Weld 

Weld 

Weld thread 

Weld thread 

Thread 


*ODEX 90 at 1.2 MPa, ODEX 115-215 at 1.8 MPa. Source: Atlas Copco. 
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WING COUPLING 

DTH 

BIT TUBE 

GUIOE 

REAMER 

pilot sit Fig. 7.5. ODEX down-the-hole dril¬ 
ling equipment (Atlas Copco). 



Photo 7.l.ODEX drill bit. 


Table 7.2. 



ODEX 

90 TT3 TW 

165 76 

OD 

ITT 

72 

Water well drilling 

0 

X X 

X 



Road embankment 

0 

o o 

o o 

O 

X 

Underwatter drilling 



0 

0 

X 

Blasthole drilling 

o 

o 

X 


X 

Anchoring 

X 

X 

X 


X 

Injection 

X 

X 

X 

0 

X 

Prospecting 

X 

X 

X 

o 

X 


X = Suitable, O = Can be used. Source: Atlas Copco. 


When down-the-hole hammer is used, the unit has only 
one wing coupling, as drill tubes are used instead of 
extension rods. The string of casing tubes is pulled down 
by means of a specially designed bit tube, and the flush¬ 
ing is carried out through the rotary head, Fig. 7.5. 

In both methods the cuttings are swept upwards 
through the annulus that remains between the casing and 
the drill steel, going out through the headstocks. 

The flushing fluid can be air up to a depth of 20 m, 
below which the addition of a foam is recommended to 
increase the bailing efficiency, wall stability, lower wear 
and increase penetration rate. 

This method has numerous advantages, although some 
important aspects that should be studied are: the sizes of 
the casing tubes, the flushing and the drilling system. 

The depth of the blastholes must be taken into account 
when choosing the equipment. In Table 7.1, a selection 
guide for both drilling methods is given. 

On the other hand, as to the applications for these 
drilling methods, aside from the one described for rock 
fragmentation blastholes, Table 7.2 indicates other possi¬ 
bilities. 


7.3 SHAFT SINKING 

When excavating long, large section shafts or metal 
structures pneumatic or hydraulic jumbos are used with 
three or four booms with the same number of feeds and 
rock drills. 

When working, these rigs rest on the bottom of the 
shaft and are anchored to the walls with horizontal hy¬ 
draulic cylinders. The central supporting column can turn 
360°, and the booms, which are similar to the jumbos 
used for tunnelling, can vary their inclination with respect 
to the vertical and lengthen themselves if they are telesco¬ 
pic. 

Once each round is drilled and charged, the rig is 
folded and moved to a safe position, later carrying out the 
mucking operation with twin valve ladles or hydraulic 
clam shells, as shown in Fig. 7.6. 

There are also platforms that have been designed to 
widen shafts. 
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7.4 RAISE DRIVING 
7.4.1 Alimak raise climber 

This excavation method for raise driving was introduced 
in 1957 and since then, due to its flexibility, economy and 
speed, it is one of the most widely used in the world, 
especially in cases when there is no other access to the 
upper level. 

This equipment consists of a cage, the work platform, 
the driving motors, the guide rail and auxiliary elements. 
In Fig. 7.7, a complete work cycle is shown. 

The platform climbs along a pin rack welded to a guide 
rail and driven by either compressed air, electric or diesel- 
hydraulic motors. The guide rail is bolted to the wall with 
special Alimak design expansion bolts. The air and water 
pipes, which supply the necessary ventilation and water 
spray, are placed on the inside of the guide rail for their 
protection. 

During work, the drillers are on a safe platform, as it is 
covered and has a protective railing. Men ride up to the 
face safely in the cage, which is under the platform. 

In each work shift two drillers can advance from 2.2 to 
3 m. Air engines are adequate for lengths under 200 m, 
the electric for up to 800 m, and from these distances on, 
diesel-hydraulic engines are recommended. 

The main benefits of these rigs are: 

- They can be used for raises of any length and 
inclination. 

- Different lengths and geometries of the raises can be 
achieved by changing the platforms. It is possible to drive 
cross sections from 3 to 30 m 2 . Fig. 7.8. 


- In the same operation it is possible to change the 
direction and inclination of raises by using side-bent 
(curved) guide rails. 

- The length or height of the raises is practically 
unlimited. Up to the moment, the longest raise driven is 
1.040 m long with a 45° inclination. 

- It can be used as production equipment in some ore 
beds by applying the Alimak Raise Mining method, 
Fig. 7.9. 

- The enlarging of pilot raises for excavation of large 
cross section shafts can be aided by using horizontal 
drilling units. 

- The basic equipment can be used to open various 
raises simultaneously. 

- In poor ground the platforms can be used as supports 
with bolting, injection, etc. 

- The investment is lower than with the Raise Borer 
System. 

- The labor does not have to be highly specialized. 

- The initial preparation of the work area is mini¬ 
mum. 

On the other hand, there are a few disadvantages: 

- Poor quality work environment. 

- The walls are very rough which is a problem for 
ventilation raises and an advantage in ore passage out¬ 
lets. 

- The remaining rock mass is left in poorer condition 
than with the Raise Boring method. 

7.4.2 The Jora method 

This machine is manufactured by Atlas Copco and can 
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Photo 7.2. Work on Alimak platform. 


Fig. 7.9. Exploitation method in narrow and inclined beds 
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Fig. 7.10. Jora method for vertical and inclined raises (Atlas Copco). 
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also be used in raising and ore outlets, whether vertical or 
inclined. The principal difference when compared to the 
previous equipment is the drilling of a pilot hole with a 
diameter between 75 and 100 mm through which the 
cable which holds the lifts is lowered. The main compo¬ 
nents are the work platform, the lift basket, the hoisting 
mechanism and, in inclined raises, the guide rail. 
Fig. 7.10. 

During drilling, the platform is anchored to the raise 
walls by a system of telescopic booms. The main incon¬ 
venience of this method, against the former, is the pilot 
hole drilling, as the maximum raise height will depend 
upon the accuracy of its alignment. Its practical and 
economical field of application is between 30 and 100 m. 

For each round it is necessary to remove the cage from 
the hoisting cable, because, if not, the cable would be 
damaged during blasting. The central blasthole serves as 
expansion space for parallel cuts, obtaining advances per 
round of 3 to 4 m, and also as an entrance for fresh air. 


7.4.3 Raise Boring (Full-face) method 

This method, which has become increasingly popular 
over the past 20 years, consists of the cutting or reaming 
of the rock with mechanical equipment. 

Its main advantages are: 

- Excellent personnel safety and good work condi¬ 
tions. 

- Higher productivity than in conventional methods 
of rock breakage with explosives. 

- Smooth walls, with minimum losses due to air fric¬ 
tion in the ventilation circuits. 

- Overbreak does not exist. 

- High advance output. 

- Possibility of drilling inclined raises although it is 
better adapted to vertical ones. 

The most important disadvantages are: 

- Very high investment. 

- High excavation costper lineal meter. 

- Lack of flexibility, as the sizes and shapes of the 
raises cannot be varied nor the direction changed. 

- Gives problems in rocks that are in poor condition. 

- Requires highly specialized personnel and previous 
preparations of the work area. 

At the moment there are over 300 rigs in operaton 
around the world, with the following subsystems of Raise 
Boring: standard, reversible and blind hole raising. 

a) Standard raise boring 

This is the most widely used system and consists of 
setting up the equipment on the upper of the two levels to 
be interconnected, or even outside the mine, so that a pilot 
hole can be drilled down to a previously opened level. 
Afterwards, the reamer head is attached to the drill string 
and the raise is drilled upwards to the rig. 

b) Reversible raise boring 

The same operations are carried out as before, with the 
difference of placing the equipment on the lower level 
and inverting the pilot hole and raising execution, which 



are ascending and descending, respectively, 

c) Blind hole raise boring 

Once the rig has been erected on the lower level, the 
drilling is done upwards in full section, without the pilot 
hole, as there is no access to a second level. 

The basic elements to carry out the work, apart from 
the rig itself which exerts the rotation and feed force from 
its point of installation are, for the blasthole, the tricone 
bit, the roller stabilizers and the drill rods; and for the 
reaming, the axis, base, cutters and their sockets, 
Fig. 7.12. 

The heads can be integral, segmented or extensible. 
The first are used for diameters from 1 to 3 m with pilot 
holes of 200 to 250 mm, the segmented for raise diame¬ 
ters that are between 1.5 and 3 m, and the same pilot holes 
as before, and, lastly, the extensible heads are for sections 
that range from 2 to 6.3 m with pilot holes up to 350 m. 

The power for the equipment is usually over 600 kW 
with rotary speed, rotary torque and thrust loads on the 
rock having values that oscillate between: 15 and 30 
r.p.m., 150 and 820 kNm and 4 and 12.5 MN, respect¬ 
ively. 
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Fig. 7.12. Components of reaming equipment. 


7.5 JET PIERCING 

This method originated in 1927, when Stores tried to 
apply it in Germany, in a mine with quartz veins. During 
the thirties experiments were carried out in taconite beds 
near Mesabi, and it was after 1947, when with the use of 
specially designed burners, an efficient drilling was ob¬ 
tained with high output. This was based on the spalling of 
rock instead of its fusion, thanks to the rapid changes in 
temperature produced by steam from the cooling water 
and the combustion gases, which also serve to bail out the 
chips. 

At present time this method has lost field application 
when compared to large rotary rigs, and it is now only 
used when cutting ornamental stone. 



7.5.1 Thermal drilling process 


This penetration process depends on one of the rock 
characteristics which is called spallability and is based on 
the differential thermal expansion capacity of the rock 
crystals. 

The properties that affect spallability in rocks are com¬ 
plex but the following relationship can be established: 


Spallability a 


Thermal Expansion Grain 

diffusivity (at T a ) size 

Compressive strength (at T o ) 


where T 0 is the critical temperature at which the rock 
becomes plastic enough to prevent spalling. 

According to the previous equation, the rocks will be 
more easily drilled with this method when: 

- High thermal expansion exists below 700°C. 

- There is high thermal diffusivity below 400°C. 

- Granular interlocking structure with no fine clay, 
mica, or other alteration products. 

- Reduced percentage of soft, low temperature melt¬ 
ing minerals, or those which decompose. 

Some rocks that are apt to spall are: taconites, quart¬ 
zites, granites, rhyolites, hard sandstones and diabases. In 
general, the higher the quartz content, the more a rock is 
apt to spall, as apart from having high coefficients of 
linear and volume expansion, it has a crystallization 
change at 573°C, Fig. 7.13. 

Rocks with over 30% quartz will spall, as well as those 
in which a certain amount of water exists in their compo¬ 
sition. 

The basic equipment, or burner, consists of a combu¬ 


OXYGEN 



Fig. 7.14. Cross section of a burner. 


stion chamber, Fig. 7.14, where the fuel (gas oil) is 
atomized and mixed with oxygen as it is maintained 
under pressure. The injector increases the combustion gas 
expansion. The flame temperature can reach the end of 
the burner at 3.000°C when oxygen is injected at 2.000°C 
if it is compressed air. 

The cooling water around the burner avoids its fusion 
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Fig. 7.15. Drilling speeds with compressed air fuel-oil burners. 



Fig. 7.16. Blasthole enlargement. 


and helps in its escape as steam to increase the gases and 
the bailing out pressure. 

With oxygen no special pressure is needed, but it 
would be necessary with compressed air that is used at 
0.7 MPa. In Fig. 7.15, the average penetration rates are 
indicated, in function wifh the air flow, pressure and 
blasthole diameter. 

The normal speeds oscillate between 3 and 12 m/h, 
sometimes reaching 20 m/h under favorable conditions. 

7.5.2 Applications 

The most important applications for this method are: 

Blasthole enlargement 

This procedure has the following advantages: 

- Lower volume of rock drilled per unit broken. 

- The explosive column configuration is better as it is 
closer to 1/D = 20, generating higher stresses. The pow¬ 
der factor is lower for a given fragmentation. 

- Toe level breakage is improved, reducing subdril¬ 
ling. 

- The volume of stemming is reduced and the con¬ 
finement of the gases is more effective, also reducing the 
time taken in said operation. 

- The muckpile profile is more adequate for rope 
shovels. 


Stone cutting 

Jet piercing is used in ormental granite quarries, in the 
first phase of liberating the blocks from the rock mass, 
opening transversal channels in the benches with a width 
of 60 to 80 mm and a depth that can reach 10 m. 

The mounting systems, as with rotary percussive rigs, 
can be of three types; handheld, and on towable or 
self-moving frame. 

The advantages of thermal drilling are: 

- Very hard and abrasive formations can be drilled. 

- Blastholes can be enlarged. 

- Partial elimination of standard rock breakage by 
explosive in ornamental stones. 

- High drilling speeds in rocks that spall easily. 

On the other hand, the following disadvantages exist: 

- The machinery is expensive, when compared to 
large rotary rigs. 

- Energy cost is high. 

- High noise level and little dust control. 

The percentile distribution of costs, according to ‘Sur¬ 
face Mining’ is as follows: 


- Oxygen .31.0% 

- Labor.14.4% 

- Patent concession.11.0% 

- Gas-oil.10.0% 

- Reamers.10.3% 

- Energy. 1.3% 

- Maintenance .18.0% 

- Water.4.0% 


7.6 WATER-JET DRILLING 

This technology has gone through spectacular develop¬ 
ment over the past decade, coupled with the updating of 
hydraulic equipment of sufficient power, that is robust 
and trustworthy. At the moment, the system is used in 
mining to cut ornamental rock and in drilling blastholes 
for bolting in diameters of 24 and 32 mm. 

The equipment basically consists of a high pressure 
pump, a presure intensifier comprising a piston of double 
effect and alternative movement capable of carrying out 
60 to 80 cycles per minute, and a suitable nozzle. The 
intensifying effect is achieved by the relative difference 
of the active surface of the piston, one of which impulses 
the water through a nozzle of synthetic sapphire with an 
opening of 0.1 to 1 mm in diameter. 

Fig. 7.17 reflects the principle of operation of the 
pressure intensifier. 

The rock breakage, with a high pressure water jet, is 
produced by the impact and the microcracks that are 
created in consequence. At a speed of 300 m/s, the 
pressure created is around 150 MPa, close to the com¬ 
pressive strength of many rocks. With 500 m/s, values of 
300 MPa are reached, which is above the compressive 
strength of the majority of rock materials. 

The operative data compiled from equipment being 
tested are the following: 

When drilling blastholes, in order to increase the action of 
the water jets, tungsten carbide bits are available to carry 
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Fig. 7.17. Pressure intensifler equipment. 
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Table 7.3. 


Intensification 

ratio 

Working pressure 
(MPa) 

Working flow 
(1/min) 

4:1 

0-83 

19-57 

13:1 

0-275 

5.5-23 

20:1 

0-378 

3.8-15 




Fig. 7.20. Drilling equipment for dimensional stone. 


out the reaming of the concentric ridges of rock that are 
produced between the grooves cut by the water jets in the 
bottom of the blasthole, Fig. 7.18. 

The application of this breakage technique with explo¬ 
sives opens new horizons, as the blasthole geometry can 
be modified, thus permitting higher charge concentra¬ 
tions or increases of breaking stresses in certain points of 
the rock masses. 

7.7 DRILLING ORNAMENTAL ROCK 

In operations for ornamental rock, such as granite, some¬ 
times special systems are used, as much in primary 
drilling, where the objective is the separation of a large 
block from the rock mass, as in the following operations 
of subdivision and squaring. 

Usually hydraulic drills are used, mounted on feeds 
that move on rails of 3.5 to 4.5 m in length. These 
themselves can be supported by metal frames mounted on 
four stabilizing legs or jacks that are directly placed on 
the ground or on mobile units such as hydraulic shovels, 
crawlers or tractors on wheels. 

The drilling yields are, in the case of the opening of 
grooves or a lateral channel called slot drill, with aligned 
drying blastholes, of 1.4 to 2.2 m 2 /h, and in the primary 
and secondary drilling with aligned blastholes of 200 to 
400 ml/h, according to the power and characteristics of 
the equipment used. 


Fig. 7.19. Modification of blasthole geometry drilled with water jet. 
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CHAPTER 8 


Compressors 


8.1 INTRODUCTION 

Compressed air is the fluid that has been used as a source 
of energy in rock drilling, as much for driving the pneu¬ 
matic equipment with top hammer or down-the-hole 
hammer, as for flushing of cuttings when drilling with 
hydraulic or rotary hammers. 

For any project, whether it is a surface or underground 
operation, compressors are a must. 

When deciding to purchase a drilling rig, one of the 
most important aspects is the compressor selection, be¬ 
cause of: 

- The specific weight on the purchase price which can 
be, depending on the type of rock drill, between 15 and 
55%. 

- Its influence on the cost per lineal meter drilled is 
considerable because if the air flow is insufficient, the 
following problems can arise: 

- Lower penetration rate. 

- Increase in costs due to wear: bits, drill rods, etc. 

- Increase in fuel consumption. 

- More compressor unit maintenance required. 

When in the large drilling rigs a high pressure com¬ 
pressor unit is chosen, it will be possible to drill with 
down-the-hole hammer or with a rolling cone bit. 

The two basic features of a compressor, apart from the 
type or model, are: 

- The flow of air supplied. 

- The outgoing air pressure. 

In Table 8.1, the most frequent values of the mentioned 
characteristics, the type of compressor and the appro¬ 
ximate price percentage in relation to the whole machine, 
are indicated for different drilling rigs. 

8.2 TYPES OF COMPRESSORS 

There are two groups of compressors: dynamic and posit¬ 
ive displacement. In the first type, the pressure increase is 
achieved by means of acceleration of the air with an 
element of rotation and the posterior action of a diffuser. 
The centrifugal and axial compressors pertain to this 
group, which is the most adequate for large flows and low 
pressures. 

In positive displacement compressors, which are those 
that are used in drilling equipment, high pressure is 
obtained by confining the gas in a closed space, reducing 
the volume by moving one or various elements. Depend¬ 


ing upon the design, they are subdivided into rotary or 
alternating. The most commonly used in drilling are: 
piston compressors (reciprocating), when they are sta¬ 
tionary, and sliding-vane or rotary screw (helical) for the 
portable models, either mounted on the drilling unit or 
towed by it. 

8.2.1 Piston compressors 

These are the best known and oldest as they have been 
used in underground mines to supply compressed air 
through the distribution network. Their application has 
noticeably decreased as a consequence of the massive use 
of other power sources such as electric and hydraulic. 

8.2.2 Rotary screw (helical) 

In these units the air pressure is achieved through the 
interaction of two intermeshed helicoidal lobes on the 
rotors (screws), one male with four lobes and another 
female with six flutes or grooves. The functioning prin¬ 
ciple can be observed in Fig. 8.1. 

The air enters through the intake port, an inlet formed 
by the two lobes of the screws and the housing. As the 
screws rotate the air is trapped and the space between the 
lobes and flutes reduces, pushing the air farther into the 
screw, decreasing the volume and therefore compressing 
the air. Oil is injected to seal the compression chamber, 
lower its temperature and as a lubricant. As the space 
occupied by the air and the oil becomes smaller, the oil is 
gradually emptied into a separator. 

This separation is carried out first of all by force of 
gravity, dropping to the bottom of the receiver tank and 
then filtered through glass wool. The oil cools, is filtered 
back to the pump inlet and then recirculates. In Fig. 8.2, 
the cooling circuits are shown for a portable compressor 
and its motor. 

There are usually two stages in high pressure rotary- 
screw compressors. 

The injected oil has three important missions: 

- Sealing the vanes and screws. 

- Cooling the air during compression and 

- Lubricating the rotors. 

The advantages of using Rotary-Screw compressors 
are: 

- They take up little space which makes them ideal for 
mounting on drilling rigs. 

- The set-up is economical. 
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Table 8.1. 


Type of rock drill 

Flow 

(m 3 /min) 

P ressure 
(MPa) 

Type of compressor 

Function operate 

% of value 
of equipment 

Pneumatic top hammer 

18-36 

0.7-0.8 

Screw 

The hammer, advance motor, trans¬ 
lation engine and hydraulic enging. 

40-60 

Hydraulic top hammer 

5-9 

0.7-0.8 

Screw 

Flushing 

15-20 

Pneumatic down the hole hammer 

8-30 

0.7-1.75 

Screw 

Operate the hammer, flushing 

40-50 

Rotary with tricone bit 

18-51 

0.3-1.1 

Sliding vane (low pressure) screw 
(medium and high pressure) 


10-15 


AIR DISCHARGE 




Fig. 8.1. Functioning principle of a helical-lobe (rotary screw) compressor. 


FLOW OF WATER 
TO COOL ENGINE 



- They produce no important impacts or vibrations. 

- Maintenance is minimum. 

- Low working temperature and 

- High efficiency. 

8.2.3 The Sliding-Vane compressor 

These compressors have only one rotor in cylindrical 
form or casting, which has longitudinal slots around its 
circumference that hold sliding vanes or strips. The cast¬ 
ing rotates about a longitudinal axis within a housing that 
is eccentric about the casting. When rotating, the vanes 
are displaced against the stator by centrifugal force. The 
air intake, as there are no valves, is aspirated through a 
port in the housing over which the vanes pass as the 
casting rotates, trapping the air in the pockets between 
every two vanes. As the casting rotates the volume dimi¬ 
nishes, increasing the air pressure up to the discharge 
port. 



Fig. 8.3. Sliding-Vane rotary compressor. 
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This type of compressor also uses oil injection for the 
same reasons as explained previously. 


8.3 DRIVE 

The stationary compressors are generally driven by elec¬ 
tric engines, whereas the portable models, if towed, are 
run by diesel engines and, if they are mounted on the rigs, 
by diesel or electric. 

In order to compensate a tension drop in the electric 
engines, there ought to be a surplus power of 10 to 15%. 

The connection of the engines to the compressor is 
carried out by special clamp, trapezoidal belt, direct 
connection or through a gear train. 


8.4 AUXILIARY ELEMENTS 



Fig. 8.4. Moisture separator (Atlas 
Copco). 


The most important auxiliary elements when working 
with compressed air are: 

- Vacuum filters 

- Moisture separators 

- Air distribution deposits or banks 

- Lubricators 

- Pressure multipliers 



8.4.1 Vacuum filters 

To eliminate premature wear on the mobile parts of the 
compressors and possible break-downs, the air must be 
filtered before admission. The filters should comply with 
the following: efficient separation, accumulation capac¬ 
ity, low resistance to air passage, be rugged and easy to 
maintain. 

8.4.2 Moisture separators 

This element uses the effect of the centrifugal force that 
the air flow acquires in its rotary movement. The particles 
make impact on the walls of the collector, therefore 
drying the air that is evacuated through the central part, 
Fig. 8.4. 

8.4.3 Air deposits or banks 

Compressed air installations may have regulating depos¬ 
its or distribution centers. Their size depends upon: 

- Compressor capacity 

- Regulating systems 

- Working pressure 

- Estimated variations in air consumption 
The functions of the deposits are: 

- Storage of compressed air to cover the demands that 
exceed the compressor capacity. 

- Increase cooling and collect the remaining water 
and oil. 

- Equalize the pressure variations in the network. 




Fig. 8.5. Distribution system for compressed air. 


8.4.4 Lubricators 

To lubricate the rock drills, oil must be added to the 
compressed air, which can be done in the machine itself 
or through the air line. 

The work principle of the lubricators can be observed 
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in Fig. 8.6. the air passes through a strangulator which has 
a regulating valve. The entering air pressure is connected 
to the oil tank so that, when the air goes through the 
narrowest section, its speed increases producing a drop in 
pressure that makes the oil enter into the air line and 
become atomized. 

8.4.5 Pressure multipliers (boosters) 

When down-the-hole hammers are used in underground 
mining, it might be necessary to elevate the air pressure to 
1.7 MPa, if it is supplied at half-pressure (0.7 MPa) 
through stationary installations or when there have been 
leakages. 

The increase in pressure is obtained with boosters 
which work in one or two stages. 

8.4.6 Flexible hoses 

The rubber hoses have outer textile reinforcements 
placed diagonally, making them flexible and highly resi¬ 
stant. The maximum working pressure is usually 1 MPa, 
with admissible temperatures that range between -40° to 
+100°C. 

The standard rubber hose sizes that are most com¬ 
monly used are indicated in Table 8.2. 

There are also low weight hoses, one-third the normal 
weight, manufactured with an inner layer of synthetic 
fiber inserted in cork that is oil and ozone resistant. It is 


Table 8.2. 


Inner Diameter Outer diameter Weight 


(mm) 

(inches) 

(mm) 

(inches) 

(kg/m) 

6.3 

‘4 

12.7 

0.50 

0.15 

10.0 

3 / 8 

16.4 

0.65 

0.19 

12.5 

'/2 

22.5 

0.89 

0.35 

16.0 

5 /8 

26.0 

1.02 

0.43 

20.0 

\ 

30.0 

1.18 

0.54 

25.0 

1 

35.0 

1.38 

0.78 

31.0 

1‘4 

43.5 

1.71 

0.95 

40.0 

l‘/2 

52.0 

2.05 

1.15 

50.0 

2 

66.0 

2.60 

1.80 

63.0 

2‘/ 2 

79.0 

3.11 

2.20 

80.0 

3 

96.0 

3.78 

2.50 

100.0 

4 

116.0 

4.57 

4.20 


Table 8.3. 


Inner diameter Outer diameter Max. work- 


weight 

(mm) 

(inches) (mm) 

(inches) (mm) 

(psi) 

ing pressure 
(kg/m) 

20 

3 4 

24 

0.9 

1.2 

175 

0.160 

25 

1 

30 

1.2 

1.2 

175 

0.230 

40 

l'/2 

45 

1.6 

1.2 

175 

0.390 

50 

2 

56 

2.3 

1.2 

175 

0.550 

76 

3 

82 

3.3 

0.8 

116 

0.850 


stored rolled up and flat, which facilitates handling and 
minimizes storage space. In Table 8.3 some characteristic 
features of these special hoses are shown. 

A whole group of elements are used for the connec¬ 
tions, from threaded and claw couplings, connectors, 
clamps, etc. 


8.5 CALCULATING PRESSURE DROPS 

In stationary installations, an acceptable drop in pressure 
between the compressor and the farthest point of con¬ 
sumption is around 10 kPa. 

In very long distribution lines, and especially in tem¬ 
porary work areas, the costs of the installations are 
usually decisive. In such cases, the pressure drop should 
not exceed 50 kPa. 

In order to estimate the pressure drops in compressed 
air distribution systems, the nomograph of Fig. 8.7 can be 
used. 


PIPE LENGTH (m) 



PRESSURE DROP (KPa) WORKING 

PRESSURE 

fKPqt 


Fig. 8.7. Nomograph to calculate the sizes of the compressed air 
conducts and pressure drops. 
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^ 180cu ft/min 


B 60cu ft/min 

o 


360cu ft/min 

cO—* 




100 ft 


200 ft 


300 ft 


150 ft 


ST 


Fig. 8.8. Pattern of the compressed air network. 


Example 1 

The pressure drop is to be calculated in a compressed air 
installation that consists of a 200 m hose with an inner 
diameter of 70 mm. The initial air pressure is 800 kPa and 
and the flow of 1701/s. 

By following the pattern of darker lines drawn in the 
nomograph, a pressure drop of 10 kPa is obtained. 

Example 2 

In Fig. 8.8, the pattern of a compressed air network is 
shown, in which at the discharge port of the compressor 
T, the air branches out to the different consumer points A, 
B, and C, where the flows consumed are respectively of 5, 
1.5 and 10 m 3 /min. The maximum admissible pressure 
drop between the compressor and the consumer points is 
set at 10 kPa. Without taking into consideration the 


pressure drops in other points such as narrow spaces, 
bends, etc., the proper sizes for the different conducts is to 
be found for the indicated lengths. 

Using the nomograph in Fig. 8.7, the following is 
obtained: 

Section T-D. Pipe length 1 = 50 m, Air flow Q = 16.5 
m 3 /min. Working pressure P = 0.7 MPa. 

A tentative inner diameter for the tube is 80 mm, for 
which the pressure drop is 3.5 kPa. 

Section D-A. 1 = 100 m, Q = 5 m 3 /min, P = 0.7 MPa. 
The pressure drop should not go over 10 kPa less the 
pressure drop of section T-D, which is to say, 10 - 3.5 
kPa = 6.5 kPa. 

For an inner diameter of 50 mm, the pressure drop is of 
6.5 kPa, and the global drop between T and A will then be 
lOkPa. 

Section D-E. 1 = 60 m, Q = 11.5 m 3 /min, P = 0.7 MPa. 
The inner diameter of the tube is chosen for a maximum 
pressure drop of 5 kPa. For a diameter of 70 mm, the 
pressure drop would be 3.8 kPa. 

Section E-B. 1 = 30 m, Q = 1.5 m 3 /min, P = 0.7 MPa. 
The drop in pressure should not be more than 10 kPa less 
the pressure drop between T and E, which is to say 
10 - (3.5 + 3.8) = 2.7 kPa. The diameter should be 32 
mm, which gives a pressure drop of 2.4 kPa. The global 
drop will be 9.7 kPa. 

Section E-C 1 = 15 m, Q = 10 m 3 /min, P = 0.7 MPa. 
The pressure drop should not go over 2.7 kPa. The best 
inner diameter is 60 mm, which produces a drop in 
pressure of 1.5 kPa and a total drop between T and C of 
7.7 kPa. 
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CHAPTER 9 


Thermochemistry of explosives and the detonation process 


9.1 INTRODUCTION 


9.2 DEFLAGRATION AND DETONATION 


The essential objective in the use of explosives for rock 
breakage consists in having a chemically concentrated 
energy, properly placed and in sufficient quantity so that 
when it is liberated in a controlled manner, in time and 
space, it can achieve the fragmentation of rock material. 

The explosion is, according to Berthelot, ‘the sudden 
expansion of gases in a volume much larger than the 
initial, accompanied by noise and violent mechanical 
effects’. 

The types of explosion are the following: mechanical, 
electric, nuclear and chemical. From the point of view of 
this handbook, only the last are of interest. 

Commercial explosives are those that are a mixture of 
compounds, some combustible and some oxidizing 
which, when properly initiated, have an almost instanta¬ 
neous exothermic reaction that generates a series of high 
temperature gaseous products that are chemically more 
stable and take up a larger volume. 

To be able to get an idea of the strength of an explosive, 
a comparison with other sources of energy can be carried 
out. Let us consider for a moment a thermal plant with 
550 MW of power installed. Knowing that 1 kW is equal 
to 0.238 kcal/s, the power installed is the equivalent of 
130.900 kcal/s. 

One kilogram of gelatin explosive is 1.000 kcal/kg 
placed in a column of 1 meter in length and with a 
detonation velocity of 4.000 m/s releases a strength of: 


1200 kcal 
1 m/4000 m/s 


= 48 X 10 5 kcal/s 


which is 37 times higher than that of the thermal plant. 

The time factor of the explosion is so highly important 
that even when the commercial explosives have a small 
calorie strength (TNT, 1.120 kcal/kg) compared with 
other combustible compounds (Anthracite, for example, 
7.000 kcal/kg), the speed of reaction of an explosive is 
such that when it detonates on a metal plate it can make a 
hole, because there is no time for the developed energy to 
dissipate towards the edges or upwards where it is op¬ 
posed by the resistance of air. 

The gases produced accumulate the heat generated, 
dilating to a volume that can be around 10.000 times 
more than that of the blasthole where the explosive is 
located. 

In this chapter the detonation mechanism of explosives 
will be analyzed as well as some basic concepts of 
thermochemistry. 


Chemical explosives, depending upon the conditions to 
which they are exposed, can offer different behavior than 
would be expected from their explosive nature. The 
decomposition processes of an explosive compound are: 
the actual combustion, the deflagration and, lastly, the 
detonation. Both the nature of the compound itself, as 
well as the initiation system and the external conditions 
govern the decomposition process. 

a) Combustion 

This can be defined as any chemical reaction capable of 
giving off heat, whether it is actually felt by our senses or 
not. 

b) Deflagration 

This is an exothermic process in which the transmission 
of the decomposition reaction is mainly based upon 
thermal conductivity. It is a superficial phenomenon in 
which the deflagration front advances through the explos¬ 
ive in parallel layers at a low speed which, usually, is not 
over 1.000 m/s. 

c) Detonation 

This is a physicochemical process characterized by its 
high speed of reaction and the formation of large quanti¬ 
ties of gaseous products at an elevated temperature, 
which build up a great expansive force. In the detonating 
explosives, the speed of the first gasified molecules is so 
great that they do not lose their heat through conductivity 
to the unreacted zone of the charge but transmit it by 
shock, deforming it and provoking its heating and adiaba¬ 
tic explosion, generating new gases. The process repeats 
itself with ondulating movements that affect the whole 
explosive mass and is called shock wave. 

The initiation energy can be supplied in various ways, 
depending upon the explosive in question. In the low 
explosives (deflagrating) or powderss, the energy of a 
flame is sufficient; whereas in high or detonating explos¬ 
ives a shock wave type of energy is necessary. 

Once the explosive has been initiated, the first effect 
produced is the generation of a shock or pressure wave 
that propagates through its own mass. This wave is the 
carrier of the energy necessary to activate the molecules 
of the explosive mass that is around the initial energized 
focus which then starts a chain reaction. 

At the same time that this wave is produced, the 
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reacting explosive mass releases a large quantity of high 
temperature gases. If this secondary pressure acts upon 
the rest of the mass that is undetonated, its effect is added 
to that of the primary pressure wave, passing from the 
process of deflagration to that of detonation, Fig. 9.1. 

If the gas pressure wave performs to the contrary in the 
unreacted explosive mass, a system of slow deflagration 
takes place, slowing down the explosive reaction and 
causing a loss of energy in the primary detonation wave 
that can even become incapable of energizing the rest of 
the explosive mass, thereby stopping detonation. 


9.3 DETONATION PROCESS OF AN EXPLOSIVE 

As described before, the detonation consists in the propa¬ 
gation of a chemical reaction that moves through the 
explosive at supersonic speed, transforming it into new 
chemical compounds. The basic characteristic of these 
reactions is that it is initiated and sustained by a superso¬ 
nic shock wave. 

As indicated in Fig. 9.2, an initial shock starts the 
chemical transformation that takes place through the 
reaction zone to end in the so called Chapman-Jouguet 
(C-J) plane where chemical balance is produced, at least 
in ideal detonations. 

In commercial explosives, important chemical reac¬ 
tions are developed behind the C-J plane, especially 
reactions of the ingredients in large particle form and the 
combustible metals. These secondary reactions can affect 
the performance of the explosive but do not have 
influence upon the stability or velocity of detonation. 

In a high strength explosive the primary reaction zone 
is usually quite narrow, only millimeters, while in low 
density and strength explosives this zone is much wider 
and, in the case of ANFO, can be of several centimeters. 

The products of the reaction are behind the C-J plane, 
and in some instances so are the inert particles. The 
majority of the products are gases which reach a tempera- 



Fig. 9.2. Detonation process of an explosive charge. 



Photo 9.1. Detonation of an unconfined charge (Nitro Nobel). 


DIRECTION OF DETONATION MOVEMENT 
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Fig. 9.3. Pressure profile in the detonation of an explosive column. 


ture of 1.500 to 4.000°C and pressures that go from 2 to 
10 GPa. The gases under these conditions expand rapidly 
and produce a shock or strain wave in the surrounding 
media. 

In Fig. 9.3 a simplified profile of an explosive column 
is shown. The detonation wave, which is characterized by 
a sudden rise in pressure, displaces itself towards the right 
at supersonic speed. Behind the maximum pressure level 
a contraction is produced as a consequence of momentary 
conservation that compensates the forward impulse by 
generating a rarefaction wave that is transmitted in the 
opposite direction. 
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The C-J plane moves at very high speed VD, whereas 
the speed of movement of the explosion products, deter¬ 
mined by Cook with x-ray photographs, reaches a value 
of 0.25 detonation velocity. For this reason, if the maxi¬ 
mum pressure of the explosive wave is: 

PD = p e x VD x U p 

where: PD = Detonation pressure, p e = Density of the 
explosive, VD = Detonaton velocity, U p = Particle veloc¬ 
ity 

And taking ito account that U = 0.25 x VD, the fol¬ 
lowing is obtained: 


4 

where: PD = Detonation pressure (kPa), p e = Density of 
the explosive (g/cm 3 ), VD = Detonation velocity (m/s). 

The thermochemical pressure or maximum pressure 
available to carry out an operation PE, is considered to be 
worth half the detonation pressure. If the explosive char¬ 
ge is well in contact with the rock wall of the blasthole, 
the pressure exerted upon it by the explosion gases is the 
same as the thermochemical pressure. 

With reference to the initiation of the explosives, it is 
necessary to apply a certain amount of energy per volume 
unit at a given spot. One of the theories used to explain the 
initiation mechanism is called of the hot spots, which are 
small elements of matter in which the energy supplied 
globally to the explosive is found. The hot spots can be 
formed by the adiabatic compression of small air, gas or 
steam bubbles that have been retained in the explosive, by 
friction between the crystals that make up the explosive 
compound, or by heating produced in the viscous move¬ 
ment of the explosive mass under extreme conditions. 

When the hot spots receive a certain amount of energy, 
the surrounding explosive mass decomposes, producing a 
release of energy that then can create more hot spots, 
starting in this manner a chain reaction. This is the basis 
of sensitivation for some-blasting agents, by means of 
adding crystal microspheres, solid particles, etc. 

9.4 THERMOCHEMISTRY OF THE EXPLOSIVES 

The thermochemistry of explosives refers to the changes 
of internal energy, mainly in form of heat. The energy 
stored in an explosive is potential energy latent or static. 
The potential energy which is released by the detonation 
process is transformed into kinetic or mechanical energy. 

The law of energy conservation establishes that in any 
isolated system the total amount of energy is constant, 
although it may be transformed: 

Potential Energy + Kinetic Energy = Constant. 

However, not all the energy supplied is useful, as some 
loss always takes place. 

There are two alternative methods that can be used to 
calculate the changes in energy: one, the application of 
the known laws of physics and chemistry, and the other by 
analysis of the final products. The latter is more complex, 


as the products that can be conveniently analyzed are 
rarely present at the moment of maximum pressure and 
temperature. Because of this, it is frequently necessary to 
make theoretical calculations based upon knowledge of 
the laws of chemistry and physics in order to predict the 
properties of explosives or the parameters of detonation. 

An approximate calculation of these parameters can be 
made for explosives that have zero balance oxygen, or 
close to it, as with these in the ideal explosion only C0 2 , 
H 2 0, N 2 , and 0 2 are produced and it is possible to apply 
the thermodynamic method of analysis. When the 
explosives are not oxygen balanced, it becomes necess¬ 
ary to use an iterative system of non-lineal equations to 
find the detonation parameters. 

In the following, the most important thermochemical 
parameters are explained along with the simplified meth¬ 
od of calculation. 


9.5 HEAT OF EXPLOSION 

When there is an explosion at constant pressure, with the 
only work done being that of expansion or compression, 
the first law of thermodynamics establishes that: 

Q e = -A (U e + PV) 

where: Q e = Heat released by the explosion, U e = In¬ 
ternal energy of the explosive, P = Pressure, V = Vo¬ 
lume. 

As U e + P V refers to heat content or enthalpy H p , then 
Q e = -A H p can be written. Thus, the heat of explosion at 
constant pressure is equivalent to the change in enthalpy 
and can be estimated by establishing the thermal balance 
of the reaction, multiplying the heats of end product 
formation by the number of moles formed by each, and 
adding them, to later subtract the heats of formation of the 
explosive. 

AH — ti — H 

(explosive) p (products) n p (explosive) 

If ANFO is taken into consideration, for example, then: 


Table 9.1. Heats of formation and molecular weights of some explosi¬ 
ves and explosion products (Konya & Walter, 1990). 


Compound 

Formula 

Mol 

Heat of forma- 



weight 

tion (kcal/mol) 

Corundun 

ALO, 

102.0 

-399.1 

Fuel oil 

ch 2 

14.0 

- 7.0 

Nitromethane 

ch 3 o 2 n 

61.0 

- 21.3 

Nitroglycerine 

c,h,o q n. 

227.1 

- 82.7 

PETN 

c 3 h 8 o 12 n 4 

C 7 H 5°6 N 3 

316.1 

-123.0 

TNT 

227.1 

- 13.0 

Carbon Monoxide 

CO 

28.0 

- 26.4 

Carbon Dioxide 

co 2 

44.0 

- 94.1 

Water 

h 2 o 

18.0 

- 57.8 

Ammonium Nitrate 

nh 4 no 3 

80.1 

- 87.3 

Alumnium 

A1 

27.0 

0.0 

Carbon 

c 

12.0 

0.0 

Nitrogen 

N 

14.0 

0.0 

Nitrogen Oxide 

NO 

30.0 

+ 21.6 

Nitrogen Dioxide 

NO, 

46.0 

+ 8.1 



Thermochemistry of explosives and the detonation process 


95 


3NH 4 0 3 + 1CH 2 -> C0 2 + 7H 2 0 + 3N 2 

Hp (explosive) = 3 (-87.3) + (-7) = -268.0 kcal 

^(products) = ( 94.1) + 7 (-57.8) + 3(0) 

= -498.7 kcal 

Qmp ~ (explosive) 

= - [-498.7 + 268.9] = 229.8 kcal 
As the molecular weight of the explosive P m is: 

P m = 3 (80.1) + (14) = 254.3 g 
The Heat of Explosion per resulting kilogram is: 

229.8 kcal 

Q, = —-x 1000 g/kg = 903.7 kcal/kg 

P 254.3 g ~ 


centage is given a negative sign. In many explosives, the 
sensitivity, strength and breaking power increase with 
increasing oxygen balance, reaching a maximum at the 
zero balance point. 

Therefore, in TNT the following exists: 

2CH 3 C 6 H 2 (N0 2 ) 3 

-> 12CO + 2CH 4 + H 2 + 3N 2 

It can be seen that 16.5 moles of 0 2 are required to reach 
zero oxygen balance of 2 moles of TNT, or 8.25 moles of 
0 2 per mole of TNT. The oxygen balance for this reaction 
will be: 

/3.00 

100%- -x 100 = 63.6%, expressed as 

\8.25 _ 63.6% 


The heat released at constant pressure has no technical 
interest because the detonation process takes place at 
constant volume. Therefore, to calculate the latter, it will 
be necessary to increase the heat at constant pressure with 
the work consumed in the adiabatic expansion. 

(2 = Q mn + 0.58 x w 

^--mv x-'mp pg 

where: n = Number of moles of the gaseous products. 

And if instead of the heat released per mole, that 
corresponding to a kilogram of explosive is wished to be 
known, then: 

n Q mv x 1000 

*~'kv 

p 

m 

Thus, the following will result from the previous 
example: 

O = 229.8 + 11 x 0.58 = 236.18 kcal/mole 

x-'mv 

236.18 x 1000 

Qu, =-= 928.74 kcal/kg 

254.3 

If there are solid products among those of the explosion, 
Si0 2 , A1 2 0 3 , chlorides, carbonates, etc., heat from the 
reaction is used in their fusion during the first phase of the 
explosion. Because of this, the total heat calculated must 
be diminished with that which corresponds to the product 
of the solid component by the latent heat of fusion. 


9.6 OXYGEN BALANCE 


In explosives that are oxygen-positive, the available oxy¬ 
gen will combine with the atoms of carbon to form C0 2 
and nitrogen oxides, some of which are red in color. Red 
fumes indicate insufficient fuel in the reaction which can 
be due to poor mixing, segregation or a loss of fuel. 

The oxygen-negative explosive form incomplete 
oxides, CO in particular, which is poisonous and color¬ 
less. Nitrous fumes are much reduced, and for this reason 
many explosives are formulated with a small negative 
oxygen balance. 

9.7 VOLUME OF EXPLOSION 

This is the volume that is occupied by the gases of one 
kilo of explosive under normal conditions. The molecular 
volume, or volume of 1 gram-mole of any gas under 
normal conditions, is 22.4 liters. 

If one considers NG as an example, the following 
exists: 

4 C 3 H 5 (N0 3 ) -> 12 C0 2 + 10H 2 O + 6N 2 + 0 2 

The explosion of 1 g-mole of NG generates 29/4 = 7.25 
g-moles of gaseous products at 0°C and at atmosphere 
pressure meaning that the explosion volume will be: 

7.25 g-mole x 22.41/g-mole = 162.41 

At a higher temperature, the volume of gases increases 
according to the law of Gay-Lussac. Therefore, in the 
previous example, an increase of 15°C would give: 


With the exception of nitroglycerine and AN, the major¬ 
ity of explosives are oxygen-deficient, because they do 
not contain enough oxygen to convert each atom of 
carbon and hydrogen present in the explosive molecule 
into carbon dioxide and water. Normally, an explosive 
does not utilize atmosphere oxygen during the detonation 
process. Thus, the heat generated by explosion of an 
oxygen-deficient explosive is less than that generated 
under conditions of complete oxidation. 

The oxygen balance is expressed as a final percentage 
that is equal to the difference between 100% and the 
calculated percentage (oxygen present + oxygen re¬ 
quired). In the case of oxygen deficiency, the final per¬ 
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162.4 x-= 171.31 

273 

Normally, the volume of explosion is expressed in terms 
of moles of gas per kilogram of explosive. 

n pg x 1000 


where: n pg = Moles of gaseous products, n ex = Moles of 
explosive, P m = Molecular weight of explosive. 

For the previous example, a value of 31.9 moles of gas 
per kg of NG is obtained. 
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9.8 MINIMUM ENERGY AVAILABLE 

Minimum energy available is the quantity of work that 
can be done by the gaseous products of an explosion 
when the pressure remains constant at 1 atm. For 
example, when nitroglycerine detonates, the molecular 
volume increases more than 700 %, while the resisting 
pressure remains constant. 

The differential equation for the work of expansion w e 
is: 


dw e = F e x dl 

where: F e = Magnitude of the force, dl = Element of 
distance through which the force is applied. 

As the force is equal to the pressure per unit of surface 
area, therefore: 

dw e = P x A s x dl 

but as A 5 x dl is the volume change of the gaseous 
products, as P is constant, the following exists: 

P e2 dw = P x T 2 dV 

} w el J v l 

or 

w e = Px(V 2 - V { ) 

where: w e = Work of expansion, P = Pressure (resisting 
1 atm), V, = Volume of explosive, V 2 = Volume of the 
gaseous products of explosion. 

As the volume of the explosive V, is negligible against 
the volume of gases produced V 2 , the amount of work 
available is given by: 

w e = PxV 2 

In the case of 1 g-mole of nitroglycerine, substitution in 
the previous equation gives: 

w e = 1 atm x 171.3 liters = 171.3 liters 

= 171.3 liters-atm 

w e = 1 x 171.3 x 10.23 = 1.752.4 kgm 

This quantity of work is considered the minimum energy 
available. 


9.9 TEMPERATURE OF THE EXPLOSION 

As in any combustion, the absolute temperature is given 
by: 

T Otv 

X(m r X c e ) 

where: Q kv = Total heat released at a constant volume, 
m r = Weight in Kg of each of the products of the reaction, 
c e = Specific heats at the temperature T e . 

As c e =f(T e ), Kast and Beyling published some func¬ 
tions of c e = a - b IT e for each of the products, from 
which the following can be established: 


m x x a { 


nt\ x b x 


m 2 x a 2 — 


m 2 x b 2 


X a„ - 

n n 


x b n 

n n 


from where: 


T e x [m { x a { + m 2 x a 2 -+ m n x a n 


(m, x b x + m 2 x b 2 +-+ m n x b n )] = Q x 


kv 


thus: 


T = 


Q kv + Im r X b 
Y/n r x a 


The function a - b/T e for the explosion products are: 

Of the steam (0.943 - 1153/Te) kcal/kg. 

Of nitrogen (0.234 - 49.0/Te) kcal/kg. 

Of remaining oxygen (0.212 - 34.4/Te) kcal/kg. 

Of carbon oxide (0.246 - 67.7/Te) kcal/kg. 

Of carbon dioxide (0.290 - 87.8/Te) kcal/kg. 

For the solid products, the influence of the temperature 
is lower and it can be neglected, therefore taking: 


CINa- 

-0.219 kcal/kg 

Si0 2 ... 

..0.190 kcal/kg 

ai 2 o 3 - - ..... 

. 0.200 kcal/kg 

CO-jNaj. 

- 0.362 kcal/kg 

C0 3 Ca- 

.- 0.320 kcal/kg 

MnO.. 

-0.201 kcal/kg 

co 3 k 2 . 

. 0.278 kcal/kg 

C1K. 

-0.172 kcal/kg 

CaO.. 

- -- 0.228 kcal/kg 

Fe 2 0 3 . 

..0.145 kcal/kg 


9.10 PRESSURE OF THE EXPLOSION 

For perfect gases, the relationship P x V = R x T e is 
fulfilled, but for the real gases, the Law of Van der Waals 
can be applied: 

|p + ^jx(V-Z>) = /?x7; 

In explosives, the value V - b/V 2 is neglected, from 
which the so called Law a Sarrau (b = a) is deducted 

P x (V - a) = RxT e 

The value of a would be the equivalent of zero for perfect 
gases, in which V = 0 when P = ». When this does not 
occur, V = a which represents the volume of the gaseous 
molecules. 

If there is also an incompressable solid body when 
P = °o, this solid will retain its volume a'. Later the 
Covolume , in the gases and products of an explosion, is 
equal to a + a'. Although this is a theoretical concept, it 
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is used for approximate calculations, making a equal to 
the volume of the gases at 20°C per kilogram of explosive 
divided by 1.000, that is to say: 



1000 


maintaining a' with a specific value. 

If in Sarrau’s equation V (volume of the blasthole equal 
to that of cartridge, approximately, in the first phase of the 
explosion) is taken into consideration and a density of the 
explosive p e , expressed in kg/1, for one kilo of explosive, 
then 

1 

V = — 

P, 

and therefore: 

P=RxT e x -—- 

1 - a x p e 


f. 1 

P =-and as - = p_ 

V - a V 

the pressure P in MPa, when p e is expressed in kg/m 3 , is 
given by: 


or 

p 

P = 0.03526 x V K20 xR e x - £ - 

1 - a x p e 

The value of a has been estimated by Hino (1959) from 
the specific volume V s (volume of the explosive or of the 
blasthole between the explosive mass): 

a = 0.92 x [1 - 1.07 x e~ 139 x v *] 
REFERENCES 


which is known as the equation of Noble and Abel. The 
product R x T e is called Specific Pressure or Force -f s , 
which can be interpreted as the pressure of 1 kg of 
explosive that will occupy one liter of volume and whose 
explosion gases were perfect a = 0. It is a theoretical 
concept that simplifies some formulas and allows the 
comparison of explosives. 

From/ 5 , the value of P is obtained. 
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CHAPTER 10 


Properties of explosives 


10.1 INTRODUCTION 

Conventional explosives and blasting agents have differ¬ 
ent properties which characterize them and are used in 
assessing them for correct selection, depending upon the 
type of blasting to be carried out and the conditions under 
which it will be effectuated. 

The properties of each group of explosives also give 
prediction of the probable results of fragmentation, dis¬ 
placement and vibrations. 

The most important characteristics are: strength and 
energy developed, detonation velocity, density, detona¬ 
tion pressure, water resistance and sensitivity. Other 
properties which affect their use and must be taken into 
account are: fumes, resistance to high and low tempera¬ 
tures, desensitivation by external causes, etc. 

10.2 STRENGTH AND ENERGY 

The strength is, from the industrial application point of 
view, one of the most important properties, as it defines 
the energy available to produce mechanical effects. 

There are different terms to express the strength of an 
explosive. In the original dynamites (straight dynamite), 
the percentage of nitroglycerin was the parameter to 
measure the strength. Later, with the partial substitution 
of nitroglycerin with other products and the carrying out 
of comparative laboratory tests, the terms were changed 
to Relative Weight Strength and Relative Bulk Strength. 
This way, it is frequent to refer to the strength of an 
explosive in so much percent of another taken as a stan¬ 
dard, such as pure gelatin dynamite, ANFO, etc., which 
has the assigned value of 100. 

There are various practical methods to measure the 
strength or the available energy of an explosive, all 
disputable due to their peculiarities and their repercussion 
on the results when compared to the yields obtained in the 
blasts. 

10.2.1 Traulztest 

This method determines the expansion capacity that the 
detonation of 10 g of explosive produces in the center of a 
solid lead block, Fig. 10.1. The difference between the 
initial volume of 62 cm 3 and the total obtained volume 
gives the true Traulz value. 

When the volume is compared to that produced with 


7 g of picric acid, the Traulz Index is obtained. If the 
reference explosive is gelatin dynamite, the strength will 
be expressed as percentage in relation to the same. 

As the explosives with most strength tend to give an 
increase in volume larger than would correspond to their 
real strength, the CERCHAR defined the Coefficient of 
Practical Utilization ‘C.U.P.’, which is based upon the 
comparison of explosive weights C ex which produce vo¬ 
lumes that are equal to that of a standard charge of 10 or 
15 g of picric acid. 

15 

C.U.P. = — x 100 


10.2.2 Ballistic mortar test 

This consists in comparing the propulsion of a steel 
mortar mounted upon a ballistic pendulum by the effect 
of the gases when a charge of 10 g of explosive is 
detonated. The T. B. M. index is calculated from the equa¬ 
tion: 

1 - cos a 

T.B.M. = 100 x —-- 

1 - cos P 

where a and [1 are the angles registered in the recoil 
deflection of the pendulum corresponding to the test 
explosive and the standard explosive. 

The two procedures described give good results with 
dynamite-type explosives but are not applicable in blast¬ 
ing agents such as ANFO or watergels because of: 

- The small diameter used in the pendulum, 20 mm, 
and in the Traulz test, 25 mm, as they are smaller than the 
critical diameter of those explosives. 

- The 2 cm of stemming used in the Traulz block is 
projected by the gases before they can perform effective¬ 
ly- 

- The charge is frequently decoupled in the mortar. 

- And, above all, these tests are only adequate when 
the explosives are cap-sensitive and the reaction times are 
small. 

10.2.3 Seismic Strength test 

This method consists in detonating an explosive charge in 
an isotropous rock medium, and register the seismic 
disturbance produced at a determined distance. 

The standard explosive is usually ANFO and it is 
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ORIGINAL 



/ 


LEAD BLOCK 
OF 20x20cm 0 

Fig. 10.1. Traulz block. 





BASE STEEL PLATE 
WITH MINIMUM 
THICKNESS OF Bmm 




6- CHUSMNG (mm) 
0 


Fig. 10.3. Hess test. 


supposed that the variation in vibrations is proportional to 
the energy of the explosive raised to 2/3. This test is not 
considered very adequate in measuring the available 
energy of an explosive. 


10.2.4 Crater charges test 

This is based upon the selection of the Critical Depth and 
the Optimum Depth, which are those in which an explos¬ 
ive charge breaks the surface rock and produces the 
largest volume crater, respectively. 

The main problem bf this system is the difficulty in 
having an available test\area of homogeneous rock and in 
the number of shots necessary. 


10.2.5 Cylinder compression test 

This method defines the Breaking Power of an explosive, 
which is related to the fragmentation capacity of the rock, 
by means of the squashing produced by a charge upon a 
lead cylinder. There are various methods such as that of 
Kast and of Hess, but the latter is the most common, 
Fig. 10.3. 

This test gives a good idea of the strain energy which is 
linked to the detonation pressure. 


10.2.6 Plate dent method 

A cylindrical charge is detonated upon a steel or alumi¬ 
num plate. The dent formed in the plate gives a quantitat¬ 
ive measurement of the energy of the detonation. The 
results of this test are subject to wide variations unless the 
geometry of the explosive charge, point and system of 
initiation are maintained identical, and are favorably 
biased towards explosives with a high strain wave energy, 
Photo 10.1. 


10.2.7 Double pipe test 

A steel pipe is charged with the explosives to be tested, 
and is placed parallel to and in contact with a second steel 
witness pipe of the same length. Upon detonation, the 
witness pipe is squashed, and the indentation bears a 
relationship to the energy generated by the test explos¬ 
ives, Fig. 10.4. 

This test method can provide a limited degree of con¬ 
tinuous recording of explosive performance over the full 



Photo 10.1. Test on plate. 
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STEEL/PLASTIC PIPE 



Fig. 10.4. The Double Pipe Test. 



WITNESS PIPE 
DENT DEPTH 


length of the charge. It can give information on detona¬ 
tion run-up zones and fade-out zones, and indicate the 
effect of discontinuities along the charge length. Alterna¬ 
tives to the pipe are a witness plate of steel or aluminum, 
or a slab of lead, known as the Traulz Block. 


10.2.8 Underwater test 


This technique to quantify energy released by an explos¬ 
ive was suggested by Cole almost 30 years ago, and it is 
characterized as being one of the most complete as it 
permits tests with charge geometries similar to those in 
blastholes. Another feature is that it permits the separate 
calculation of the energy linked to the strain wave, which 
we shall call from now on Strain Energy-ET, and the 
energy of the detonation gases, called Bubble Energy- 
EB, as well as the possibility of evaluating the influence 
of the initiation system on the energy released by an 
explosive. Fig. 10.5. 

According to Blanc (1984) if p h {t) is the pressure of the 
hydraulic shock wave and t B is the first pseudoperiod of 
oscillation of the bubble formed by the gases after deto¬ 
nation, the following is obtained: 


4kDS 2 

ET = —-x 

P 0 x VH 


p h (t) x dt 


EB=Kx 


LPo 3 


x t\ (Willis formula) 


where: DS = Distance of the charge from the pressure 
captator, p 0 = Volumetric mass of the water, VH = Speed 
of the shock wave in the water, r,, t 2 = Integration in¬ 
terval, K = Constant, P h = Total pressure at the location 
of the submerged charge (hydrostatic + atmospheric). 

This method is very useful for comparing the yields of 
similar explosives under the same testing conditions. At 
the moment, it is the most used procedure in evaluating 
explosive energy, because with exception of the Thermic 
Energy, the rest is reliably assessed. 


10.2.9 Empirical equations 

1. The Swedish equation proposed to evaluate Relative 
Weight Strength PRP of an explosive is: 



RECORDING 

TRUCK 



Fig. 10.5. Underwater blastings to assess explosives energy. 


where: Q 0 = Heat of the explosion of 1 kg of explosive 
LFB (5 MJ/kg) under normal conditions of pressure and 
temperature, Q e = Heat of the explosion of 1 kg of ex¬ 
plosive to be used, VG a = Volume of the gases released 
by 1 kg of explosive LFB (0.85 m 3 /kg). VG = Volume of 
the gases liberated by the explosive to be used. 

As in some occasions the strength refers to ANFO, the 
strength can first be calculated with respect to the stan¬ 
dard explosive LFB and the value obtained can be 
divided by 0.84 which is the relative strength of ANFO 
with respect to said explosive. ANFO has values of Q e 
and VG of 3.92 MJ/kg and 0.973 m 3 /kg respectively. 

2. Paddock (1987) suggests comparing the explosives be 
means of the so called Strength Factor defined by 

FP = PAP X xVDx p e 

where: PAP x = Absolute Weight Strength of the explo¬ 
sive (x) (cal/g), VD = Detonation velocity (m/s), p £ = 
Density of the explosive (g/cm 3 ). 

If ANFO is taken as the standard explosive, the follow¬ 
ing will be fulfilled: 

PAP aj\|FO = 890 Cal/ g 

PAV anfo = PAP ANf0 xp e x 890 x 0.82 = 730 
cal/cm 3 
PAP r 

PRP _ = -— 

P^P\wo 


3. Another equation used to calculate the Relative Weight 
Strength is 


PRP = 


p e x VD 

fio x VD l 


,2 \ fi 


5 Q 1 VG 

PRP = - x — + - x - 

6 Q a 6 VG 


where: p e = Density of the explosive (g/cm 3 ), 
VD - Detonation velocity (m/s), p o and VD n refer to the 
standard explosive. 
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10.3 DETONATION VELOCITY 

Detonation velocity refers to the speed with which the 
detonation wave is propagated through the explosive and, 
therefore, is the parameter which defines the rhythm of 
energy release. 

The factors that affect VD are: charge density, diame¬ 
ter, confinement, initiation and aging of the explosive. 
For the first three, as the parameters increase, the result¬ 
ing VD grow significantly, Fig. 10.6. 

As to initiation, if it is not sufficiently energetic the 
detonation could start with a low speed; and if aging is a 
factor, this makes the VD diminish as the number and 
volume of the air bubbles is lower, especially in gelatin 
explosives which are generators of hot points. 

There are diverse methods to measure VD, amoung 
which the following are emphasized: 

- D’Autriche method 

- Kodewimetro 

- Chronograph 


10.3.1 D’Autriche method 

This method is based upon comparing the VD of the 
explosive with the velocity that is already known of a 
detonating cord. A cord of a certain length is taken and 
the exact middle is marked, making it coincide with a 
mark made on a lead plate upon which it is placed. 
Afterwards, the ends of the cord are inserted in the 
explosive at a prefixed distance d. The explosive charge, 
which can be encased in a metal tube, is initiated at one of 
the ends with a detonator. As the detonation wave then 
initiates, in different instants, the ends of the cord, the 
collision of the two detonation waves takes place upon 
the plate at a distance a of the middle point of the cord. 
Therefore, the VD g of the explosive is determined from: 


VD 


e 


VD C x d 
2 a 



Fig. 10.6. Influence of the charge diameter upon the detonation veloc¬ 
ity (Ash, 1977). 



MARK ON PLATE FROM 
COLLISION OF SHOCK WAVE 



I 


Fig. 10.7. D’Autriche method. 



Photo 10.2. Measuring detonation velocity with a chronograph. 


10.3.2 Kodewimetro 

This is based upon the variation in resistance of a cable 
probe that goes through an explosive column axially. By 
means of special equipment called Kodewimetro, con¬ 
nected to an oscilloscope, the voltage variation, which is 
proportional to the resistance, is measured while main¬ 
taining a constant current intensity in the circuit. As the 
detonation wave advances along the length of the explos¬ 
ive, the electric resistance diminishes and the VD can be 
determined from the stress to which it is proportional. 
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10.3.3 Chronograph 

From two sensors introduced in the explosive and placed 
at a determined distance the VD can be calculated by 
measuring the activation time of each sensor. At the 
moment, there are instruments that are capable of giving 
VD directly and with high precision. The sensors can be 
electric or, more modemly, of optical fiber. Photo 10.2. 


10.4 DENSITY 

The density of the majority of explosives varies between 
0.8 and 1.6 g/cm 3 and, as in detonation velocity, the 
greater it is, the more breakage it provides. 

In blasting agents, density can be a critical factor 
because, if it is very low, they become sensitive to the 
detonating cord which begins to initiate them before the 
detonation of the primer cartridge; on the other hand, if it 
is very high they can become insensitive and not de¬ 
tonate. That limit density is called ‘Death Density’ which 
will be explained further on. 

The density of an explosive is an important factor in 
calculating the necessary amount of charge for a blast. As 
a general rule, in the bottom of the blastholes where more 
energy concentration is required, higher density explos¬ 
ives such as gelatin explosives or watergels are used; 
whereas in column charges lower density is required and 
ANFO based or powder explosives are used. 

The lineal charge concentration q { in a blasthole of 
diameter D and a density p e , is calculated from: 

q y (kg/m) = 7.854 x KT 4 X p e xD 2 

where: p e = Explosive density (g/cm 3 ), D = Charge di¬ 
ameter (mm). 


10.5 DETONATION PRESSURE 

*» 

The detonation pressure of an explosive is a function of 
the density and of the square of the detonation velocity. It 
is measured in the C-J plane of the detonation wave when 
it is propagated through the explosive column, as already 
indicated. 

Although the detonation pressure of an explosive de¬ 
pends upon, apart from the density and the VD, the 
ingredients of which it is composed, this parameter can be 
estimated from the following equation: 

VD 2 

PD = 432 x KT 6 xp x - 

1 + 0.8 x p e 

where: PD = Detonation pressure (MPa), p e = Density 
of explosive (g/cm 3 ), VD = Detonation velocity (m/s). 

The commercial explosives have a PD that varies 
between 500 and 1.500 MPa. Generally, in hard and 
competent rocks the fragmentation is done more easily 
with high detonation pressure explosives, owing to the 
direct relationship that exists between this variable and 
the breakage mechanisms of the rock. 


10.6 STABILITY 

Explosives should be chemically stable and not decom¬ 
pose under normal atmospherical conditions. A method 
to check the stability is called the Abel test, which cons¬ 
ists in heating a sample during a set time and at a specific 
temperature, observing the moment in which decomposi¬ 
tion initiates. For example, nitroglycerine at 80° takes 20 
minutes to decompose. 

The stability of the explosives is one of the properties 
that is related to the maximum storage time of these 
substances, so that their effects in a blast will not be 
reduced. 


10.7 WATER RESISTANCE 

This is the capacity to resist a prolonged exposure to 
water without losing its characteristics. It varies with the 
composition of the explosive and is generally linked to 
the proportion of nitroglycerine or special additives that 
they contain; thus watergels, gelatin dynamites and emul¬ 
sions are quite resistant to water. Oxidizing salts, such as 
ammonium nitrate in ANFO, intensely diminish their 
water resistance because they are very hygroscopic. 

The scale of classification generally accepted goes 
from Null, Limited, Good, Very Good and Excellent. In 
the first, the explosive has no resistance to water, while 
the last guarantees a resistance of more than 12 hours. 

10.8 SENSITIVITY 

This characteristic globally envolves various meanings 
that depend upon the type of external action that affects 
the explosive. 

- Controlled action. The sensitivity is equivalent to 
the acceptance of detonation by an initiator (e.g. electric 
blasting cap). 

- Uncontrolled action. The sensitivity is a measure of 
the ease with which an explosive can be detonated by 
heat, friction, impact or shock. 



Photo 10.3. Water resistance. 
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10.8.1 Cap sensitivity 

Explosives should be sufficiently sensitive to detonation 
by an adequate initiator. This capacity varies depending 
upon the type of product, therefore, as an example, the 
majority of gelatin explosives are initiated by electric 
blasting caps, whereas blasting agents generally require a 
multiplier or primer of higher pressure and detonation 
velocity. 

The sensitivity to initiation test is carried out on a lead 
plate on which an explosive cartridge is placed with set 
dimensions and with different shots the minimum cap 
strength necessary is established. One of the 
classifications used is the following: Explosives that are 
“"No. 8 cap sensitive and those that are not (non cap 
sensitive). Said caps, which are the most commonly used, 
have a charge of a mixture of 2 g of mercury fulminate 
(80%) and potassic chlorate (20%), or a charge of equiva¬ 
lent pressed pentaerythritotetranitrate (PETN). 


10.8.2 Sensitivity to shock or friction 

Some explosives can detonate by means of subsonic 
stimulants such as shock or friction. For safety purposes it 
is important to know their degree of sensitivity when 
faced by these actions, especially during handling and 
transportation. 

The shock resistance test is usually carried out with a 
drop hammer (Kast), which consists in placing a sample 
of the product on an anvil, around 0.1 g, upon which a 
steel weight of 0.5 to 10 kg is dropped from different 
heights until explosion is achieved and a drop distance 
established. 

For example, with a hammer of 2 kg, mercury ful¬ 
minate detonates with a drop distance of 1 to 2 cm, 
nitroglycerine with 4 to 5 cm, dynamite with 15 to 30 cm, 
and ammoniacal explosives have drop distances of 40 to 
50 cm. 

The most common friction test is the Julius Peter test, 
in which an explosive is subjected to a friction process 
between two porcelain surfaces that have not been pol¬ 
ished and upon which different pressures are exerted. 
After the test, any carbonization is noticeable as well as 
deflagration or explosion. The results are expressed in 
kilos which correspond to the pressure with which the 
porcelain surface rubs upon the plate where the explosive 
is deposited. 


10.8.3 Sensitivity to heat 

When explosives are heated gradually, they arrive at a 
temperature in which they suddenly decompose with 
release of gases, increasing little by little until finally a 
deflagration is produced or a small explosion. That tem¬ 
perature is called Ignition Point. 

In black powder it varies between 300 and 350°C, and 
in industrial explosives between 180 and 230°. 

This characteristic is different from sensitivity to fire, 
which indicates inflammable properties. Therefore, black 
powder, which has a good degree of sensitivity to heat, is 


very inflamable, exploding with just a spark, as also 
occurs with nitroglycerine. 


10.8.4 Critical diameter 

Cylindrical shaped explosive charges have diameters 
below which the detonation wave does not propogate or, 
if it does, it is with a velocity below the standard rate. This 
diameter is called ‘Critical Diameter’. 

The principal factors that influence the critical diame¬ 
ter of an explosive are: particle size, the reactivity of its 
components, the density and the confinement of said 
components. 


10.9 DETONATION TRANSMISSION 

Sympathetic transmission is the phenomenon produced 
when a cartridge, upon detonation, induces the explosion 
of another that is adj acent. 

A good transmission within the blastholes is the gua¬ 
rantee that the explosive columns will be completely 
detonated. However, when those blastholes are close, or 
the charges within are decked, a sympathetic detonation 
can be produced by transmission of the strain wave 
through the rock, by the presence of underground water 
and structural discontinuities, or by pressure of the inert 
material of intermediate stemming upon the adjacent 
charges. In all these cases the results of fragmentation and 
vibrations would be seriously impaired. 

One of the methods to measure the capacity or aptitude 
for sympathetic detonation, also defined as the 
Coefficient of Autostimulation, consists in calculating 
the maximum distance at which a primed cartridge can 
make another non-primed receiver cartridge explode, 
both being aligned with reference to their axis and well in 
contact with a ground or metal surface, or even inside 
tubes of different materials or in the open air. 

In the majority of the industrial explosives, the maxi¬ 
mum distances at which sympathetic detonation is pro¬ 
duced are between 2 and 8 times their diameter, depend¬ 
ing upon the type of explosive. The measures of the 
Autostimulation Coefficient can be taken either directly 
or indirectly; however, in the second, only 50% of the 
energy given by the direct method is transmitted. 

The factors which modify the results of these tests are: 
aging, the caliber of the cartridges and the method used in 
testing. 

As to the transmission of detonation between cylin¬ 
drical charges with inert barriers, there has been little 
practical investigation, because the majority of these tests 
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Fig. 10.8. Test of sympathetic detonation. 
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were carried out by placing homogeneous solid or liquid 
materials between the primed and non-primed charges 
instead of the granular materials used in intermediate 
stemmings such as gravel or drill cuttings. 

10.10 DESENSITIZATION 

In many industrial explosives it has been observed that 
the sensitivity diminishes when the density increases 
beyond a certain value. This phenomenon is more acute 
in those compositions or blasting agents that do not 
contain substances such as TNT or Nitroglycerine, etc. 

In watergels and ANFO-type mixtures the variation in 
sensitivity is much greater than in gelatin explosives. 

In Fig. 10.9, the influence of the density of ANFO upon 
the VD can be observed. Above the values of 1.1 g/cm 3 , 
the velocity falls drastically, so the densities and pressures 
which produce those levels of confinement are called 
‘Death Densities and Pressures’. 

The desensitization can be caused by: 

- Hydrostatic pressures and 

- Dynamic pressures. 

The first is usually only present in very deep blastholes, 
and is not common for this reason. 

In dynamic sensitization three situations can be distin¬ 
guished. 

10.10.1 Desensitization by detonating cord 

Detonating cord of half core load does not initiate water- 
gels and emulsions properly and can even make them 
insensitive to other priming systems. 

The explication for each different type of explosive is 
not always the same. 

- For ANFO, the detonating cord, according to its 


strength, initiates it partially or creates a weak detona¬ 
tion. 

- In watergels, the cords are insufficient to create a 
stable detonation wave, compressing the generatrix 
bubbles of the hot points, making them insensitive to the 
effects of a primer or a posterior shock wave. 

- In emulsions, low strength detonating cords can 
break the forseen structures of the composition, giving 
the explosive its sensitivity for posterior priming. 

All these phenomena depend largely upon the diameter 
of the charge. 

10.10.2 Desensitivation by channel effect 

If a column of cartridged explosives is placed in a blast- 
hole with a larger diameter, the detonation of the charge is 
accompanied by a flow of gases that expands through the 
empty anular space, compressing the air. At high pressu¬ 
re, the air exerts a lateral force upon the explosive, ahead 
of the detonation front, provoking an increase in density 
and, in consequence, a desensitivation of the explosive 
which can cause a drop in the detonation velocity. 

10.10.3 Exerted pressure by adjacent charges 

Desensitization caused by the detonation of adjacent 
charges can be due to: 

- A shock wave that passes through the charge from 
the adjacent ones. 

- Lateral deformation of the blasthole, compressing 
the charge, due to rock movement or underground water. 

- Compression of the charge by pushing of the inter¬ 
mediate stemming material and, 

- By infiltration of explosion gases through fissures or 
fractures opened in the mass. 


10.11 RESISTANCE TO LOW TEMPERATURES 
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Fig. 10.9. Detonation velocity of ANFO as a function of density. 


When the environmental temperature is under 8°C, the 
explosives which contain nitroglycerine tend to freeze. 
By adding a certain amount of nitroglycol, the freezing 
temperature is lowered to -20°. 


10.12 FUMES 

The detonation of any commercial explosive produces 
steam, nitrogen, carbon dioxide, and eventually, solids 
and liquids. Among the harmless gases mentioned, there 
is always a certain percentage of toxic gases such a 


Table 10.1. Fume classification (Institute of Makers of Explosives, 


USA) 

Class 

Volume of toxic gases (C0-N0 2 )-dm 3 

1 

0-4.53 

2 

4.53-9.34 

3 

9.34-18.96 


1 


s 


1 
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carbon monoxide and nitrogen oxides. These resulting 
products are called fumes. 

According to the proportion of harmful gases, a scale 
of classification has been established in degrees of toxic¬ 
ity for the operators after blasting. 

These figures refer to the gases produced by the firing 
of a charge of 200 g of explosive, with its paper wrapping 
in the so-called ‘Bichel Bomb’. Depending upon that 
classification, the 1st class explosives can be used for any 
type of underground work, those of 2nd class only in well 
ventilated areas, and those of 3rd class only in surface 
blastings. 

The blasting agents such as ANFO are more toxic than 
dynamite because they generate a larger proportion of 
nitrogen oxides. According to some investigations, the 
toxicity of N0 2 can reach up to 6.5 times more than that 
of CO for a given molar concentration. 

In Spain, the limit concentration of gases for under¬ 
ground operations admissible for periods of 8 hours or 
less, are specified in the ‘Complementary Technical Ins¬ 
tructions: 04.7.02’. 
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Industrial explosives 


11.1 INTRODUCTION 

The industrial chemical explosives are classified in two 
large groups, according to their shock wave velocity. 

a) Rapid and detonating explosives. With speeds be¬ 
tween 2.000 and 7.000 m/s; and 

b) Slow and deflagrating explosives. Under 2.000 
m/s. 

The deflagrating explosives include gunpowders, 
pyrotechnic compounds and propulsive compounds for 
artillery and fireworks, with practically no application in 
mining or civil engineering, with the exception of orna¬ 
mental rocks. 

The detonating explosives are divided into Primary 
and Secondary, depending upon their application. The 
Primary, for their high energy and sensitivity, are used as 
initiators for the Secondary, among which we can men¬ 
tion the compounds used in the blasting caps and cast 
primers (mercury fulminate, PETN, Pentolite, etc.). The 
Secondary are those that are applied to the breakage of 
rocks and, although less sensitive than the Primary, they 
do more useful work. These compounds can be mixtures 
of explosive substances or not, depending upon lower 
manufacturing price, on the better oxygen balance ob¬ 
tained and on the characteristics and properties that the 
ingredients give to the mixtures in the sense of sensitivity, 
density, strength, water resistance, etc. 

The industrial explosives for civilian use are also 
divided into two large groups which, placed in order of 
importance of those most frequently used and not in that 
of their appearance on the market, are: 

Blasting agents 

These mixtures, with few exceptions, do not contain 
ingredients classified as explosive. The following are the 
most common: 

- ANFO, 

- ALANFO, 

- Slurries or water gels, 

- Emulsions, 

- Heavy ANFO. 

Conventional explosives 

These are essentially made up of explosive substances 
that act as sensitizers of the mixtures. The best known 
are: 

- Gelatin dynamites, 

- Granular dynamites, 


- Permissible explosives. 

In this chapter the basic characteristics of each explos¬ 
ive, their composition and the influence of the different 
parameters upon their efficiency in rock blasting will be 
discussed. 


11.2 DRY BLASTING AGENTS 

This group includes, as indicated before, all those explos¬ 
ives that are not cap sensitive and do not include water in 
their composition. The common denominator in all dry 
blasting agents is Ammonium Nitrate, Fig. 11.1, some of 
whose properties are analyzed below. 

11.2.1 Ammonium Nitrate 

Ammonium Nitrate (NH 4 N0 3 ) is a white inorganic salt 
with a melting point of 160.6°C. Alone, it is not an 
explosive, as it only takes on that property when it is 
mixed with a small quantity of combustible material with 
which it reacts violently by contributing oxygen. Com¬ 
pared with air which has 21% oxygen, NA has 60%. 

Although NA can be found in diverse forms, in the 
manufacturing of explosives it is used in the form of 
small porous spherical prills, as it has the best character¬ 
istics for absorbing and retaining liquid fuels and is easily 
manipulated because of good pouring properties, without 
clogging or adhering. 

The density of the loose-poured or bulk blasting-grade 
NA is approximately 0.80 g/cm 3 , whereas the densities of 
the non-porous prills are close to those of the crystals 
(1.72 g/cm 3 ), but with lower values (1.40-1.45 g/cm 3 ) 
due to its microporosity. Higher density NA is not used as 
it absorbs less fuel substances, and therefore reacts more 
slowly in the detonating process. 

Normally, the blasting-grade NA has a microporosity 
of 15% which, when added to the macroporosity reaches 
54%. 

The size of the particles usually vary between 1 and 3 
mm. 

When pure NA is heated to above 32.1°C, it changes 
crystalline shape: 

(3 Orthorhombic Crystal density = 1.72 g/cm 3 

+ 32.1°C 

y Orthorhombic Crystal density = 1.66 g/cm 3 

This transition is accompanied by a 3.6% increase in 
volume, with the consequent breakage of the crystals into 
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Fig. 11.1. Dry blasting agents with 
Ammonium Nitrate base. 


Table 11.1. 

Temperature of AN/air 

Humidity at which rapid absorption occurs 

10°C 

76% 

21°C 

64% 

32°C 

59% 


smaller ones. When the crystals cool and humidity is 
present, they tend to cake and form large lumps. 

AN has great solubility in water which varies consider¬ 
ably at different temperatures: 

At 10°C 60.0% solubility (weight basis), 

At 20°C 65.4% solubility, 

At 30°C 70.0% solubility, 

At40°C 73.9% solubility. 

So from this one can see why ANFO is not used in wet 
blastholes. 

AN is also highly hygroscopic, and may become liquid 
in the presence of air with a humidity above 60%. By 
adding inert hydrophilic substances such as powdered 
kaolin or clay, the absorbing of humidity by NA can be 
avoided, but its sensitivity is also lowered. 

The temperature of the atmosphere also plays an im¬ 
portant role in the absorption of humidity. 

Sometimes, the grains of NA are coated with sub¬ 
stances that avoid superficial moistening. 

NA is completely stable at atmospheric temperature, 
but if it is heated above 200°C in a closed recepient, it 
may detonate. The presence of organic compounds acce¬ 
lerate the decomposition and lower the temperature at 
which this is produced. Therefore, with 0.1% of cotton, 
NA starts to decompose at 160°C. 

11.2.2 ANFO 

In 1947 a disastrous explosion of Ammonium Nitrate 
took place in Texas City (United States), as the substance 
was being protected with paraffin and only 1% of this 
constituted a good sensitizing fuel of AN. 

Apart from the catastrophe itself, the attention of the 
manufacturers of explosives was drawn to the fact that 
NA had tremendous energetic potential, along with its 
low cost. 


Any combustible substance can be used with AN to 
produce a blasting agent. In the United States at the end of 
the fifties carbon powder was used but, afterwards, it was 
substituted by liquid fuels as the mixtures were more 
homogeneous and intimate with AN. The most common 
product used is fuel oil which, when compared to other 
liquids such as gasoline, kerosene, etc., has the advantage 
of a higher point of volatility and, as a consequence, less 
risk of steam explosions. 

Used oils were also tried as fuels, but they have the 
inconvenience of reducing the sensitivity to initiation and 
propagation, to detonation velocity and energetic yield. 
Owing to their high viscosity they tend to coat the surface 
of the AN prills, filling the macropores. For the moment, 
the use of sump oils is not justified either partially or 
totally from an economical point of view as they give 
more problems than advantages. 

The fuel content plays a very important role in the 
different properties of ANFO. The decomposition reac¬ 
tion of the oxygen balanced system is: 

3NH 4 N0 3 + CH 2 -> 3N 2 + 7H 2 0 + C0 2 

producing around 920 kcal/kg, that could be lower in 
commercial products depending upon the contents of 
inert materials, and a gas volume of 9701. The stoichio¬ 
metric mixture corresponds to 95.3% of AN and 5.7% of 
fuel oil, which is the equivalent of 3.7 liters of the latter 
for each 50 kg of AN. 

The influence that the percentage of fuel has upon the 
energy released and the detonation velocity are indicated 
in Fig. 11.2. 

It can be seen that neither higher nor lower percentages 
than indicated are of interest, if maximum yield is to be 
obtained in the blastings. On occasions, as in summer for 
example, it is usual practice to add more fuel oil to the 
ANFO, because up to 50% of the fuel can be lost because 
of the heat, with the subsequent reduction in efficiency. It 
is quite simple to control the quality of ANFO as it 
consists in extracting the fuel oil from a sample by using 
ether, Fig. 11.3, and taking the weight of the sample 
before and after the process. 

The fuel contents also affect the quantity of harmful 
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Photo 11.1. Porous Ammonium Nitrate prills. 


gases released by the explosion (CO + NO), Fig. 11.4. 
When orange-colored fumes appear after a blast, this 
indicates an insufficient percentage of fuel oil, or that the 
ANFO has absorbed water.from the blastholes or was not 
properly initiated. 

The variation in sensitivity with the quantity of fuel is 
also noticeable because with 2% of fuel oil the initiation 
can be achieved with a blasting cap, although the avail¬ 
able energy is quite low; and with an amount over 7% the 
initial sensitivity decreases substantially, Fig. 11.5. 

As happens with AN, water is the main enemy of 
ANFO because it absorbs a large quantity of heat to 
produce steam and it considerably lowers the strength of 
the explosive. In 76 mm diameter charges, a humidity of 
more than 10% desensitizes the blasting agent, 
Fig. 11.6. 

In these cases the only remedy is to wrap ANFO in 
waterproof sheaths or recipients. 

The explosive characteristics of ANFO also vary with 
density. As this increases, the detonation velocity is also 
higher, but it is also more difficult to achieve initiation. 
Above a density of 1.2 g/cm 3 ANFO becomes inert and 
cannot be detonated or will only do so in the immediate 
area of the blasting cap. 

The prill size of AN also has influence upon the density 
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Fig. 11.2. Variation of thermodynamic Energy and detonation Velocity 
of ANFO with the fuel oil content. 



Fig. 11.3. Laboratory procedure to measure the percentage of fuel oil. 



Fig. 11.4. Idealized ANFO fumes versus percent of fuel oil. 






Industrial explosives 


109 



FUEL OIL CONTENT (PERCENTAGE) 
Fig. 11.5. Sensitivity to initiation of ANFO. 


76mm PIPE TEST 



Fig. 11.6. Influence of water in ANFO performance. 



Fig. 11.7. Variation of VOD with charge diameter for confined full- 
coupled charges of bulk ANFO. 


of the explosive. Therefore, when ANFO is reduced to 
under 100 mesh, its bulk density changes to 0.6 g/cm 3 , 
which means that if a normal density is to be reached, 
between 0.8 and 0.85 g/cm 3 , in order to obtain good 
detonation characteristics, it must be physically com¬ 
pressed by blow-loading. 

On the other hand, the charge diameter is a design 
parameter that plays a decisive role in the detonation 


velocity of ANFO. Fig. 11.7. 

The critical diameter of this explosive is influenced by 
its confinement and charge density. Used in blastholes 
with a loose-poured density of 0.8 g/cm 3 , the critical 
diameter is around 25 mm, whereas with a density of 1.15 
g/cm 3 , it goes up to 75 mm. 

The cap sensitivity of ANFO is reduced as the blast- 
hole diameter increases. In practice, the primers of 150 g 
are effective in charge diameters under 150 mm; above 
this diameter, cast primers of 400 to 500 g are recom¬ 
mended. 

Although ANFO is predominantely used as a bulk- 
loaded charge, it is important to know that the energy per 
meter of charge length decreases with decoupling. When 
the charge is not excessively confined, the VOD and peak 
pressure upon the blasthole walls are reduced. 

11.2.3 ALANFO 

As ANFO density is low, the resulting energy per meter of 
column length is also low. To elevate this energy, since 
1968, products such as aluminum have been added with 
good technical and economical results, above all in 
strong, massive rocks and in high-cost drilling opera¬ 
tions. 



Fig. 11.8. Variation of VOD with confinement. 



Fig. 11.9. Variation of energy yield of ALANFO with percentage 
aluminum. 
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When aluminum is mixed with ammonium nitrate in 
small quantities, the following reaction takes place: 

2A1 + 3NH 4 N0 3 -»3N 2 + 6H 2 0 + A1 2 0 + 1650 

cal/g 

but if the percentage of aluminum is larger, the reaction 
produced is: 

2A1 + NH 4 N0 3 ->N 2 + 2H 2 + A1 2 0 3 + 2300 

cal/g 

In Fig. 11.9, the energy produced by ALANFO with 
different quantities of aluminum is compared to that of 
ANFO. 

The practical limit, as far as yield and economy go, is 
between 13 and 15 percent. Percentages above 25% cause 
a reduction in energy efficiency. 

The aluminum should comply with the following 
specifications: almost 100% in size between 20 and 150 
mesh, and be more than 94% pure. 

In these blasting agents, the purity is not as critical as in 
slurries, because the galvanic reaction produced by the 
changes in pH are not a problem. The means that the 
leftovers or surplus aluminum from other processes can 
be used in the manufacturing of ALANFO. 


11.3 SLURRIES 

Slurries are blasting agents based on saturated aqueous 
solutions of AN, often with other oxidizers such as so¬ 
dium nitrate and/or calcium nitrate, in which the fuels, 
sensitizers, gellants and cross-linking agents are dis¬ 
persed to avoid the segregation of the solids. 

These explosives were developed at the end of the 
fifties when Cook and Famam obtained the first positive 
tests with a mixture of 65% of AN, 20% of AL and 15% 
water. 


After these first results, Cook began to use TNT as a 
sensitizer and the patented commercial production began 
in Canada, spreading to the US. 

Later on, the first tests were carried out with alumi¬ 
nium sensitized slurries. This metal brought on serious 
problems, as it reacted with water at atmosphere tempera¬ 
ture giving off hydrogen. To avoid this phenomenon, the 
aluminium particles were protected with waterproof pro¬ 
ducts. 

In 1969, Dupont developed new slurries that did not 
contain traditional explosive compounds, nor particles of 
metals as fundamental sensitizers. They used organic 
substances as fuel such as those derived from amines, 
paraffins, sugars, etc. 

In Fig. 11.10, the principal types of aqueous explosives 
obtained from Ammonium Nitrate, in two large groups, 
which are the slurries and the emulsions with their mix¬ 
tures. 

The manufacturing process of the slurries in use today 
is based upon the mixing of a solution of oxidizers with 
another of monomethyl amine nitrate (MMAN), and the 
addition of diverse solids and liquids such as oxidizers, 
thickeners, gellants, etc. 

The solution of oxidizers is made up of water, ammo¬ 
nium nitrate and sodium nitrate, to which thiourea and 
part of the gums are added, giving a high viscosity in 
order to retain the gas bubbles. The sodium nitrate has the 
advantage of its large amount of oxygen and also the 
ability to lower the crystallization point of the saiine 
solutions. 

The MMAN solution is prepared by heating the con¬ 
tainers in which it is transported, as it is in a solid state, 
because of its cristallization point between 33 and 39°C. 
This product has excellent sensitizing characteristics, as it 
is a very good fuel with a very negative oxygen balance 
and high density; apart from being quite insensitive to the 
dynamic subsonic shock and friction effects. The propor- 
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Fig. 1M0. Aqueous blasting agents made from AN. 
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tions of MM AN in the slurries varies between 10 and 
35%. 

The mixture of the solid aditives is made up of alumi¬ 
nium, nitrostarch, gums and other substances in smaller 
proportions. 

The aluminium proportionately increases the sensitiv¬ 
ity of the slurries and the gums, and the nitrostarch serves 
to thicken the mixtures. Occasionally cross-linking 
agents are added to gell the slurries. 

On the other hand, as the percentage of water used is 
unsufficient to disolve all the nitrates, a certain amount of 
these are added in a solid state to form part of the disperse 
phase. 

In order to change the density, chemical gasification 
(bubbles) can be carried out, usually with sodium nitrite, 
or the addition of low density products, glass microbal¬ 
loons, etc. 

The mixture of all these components is carried in a 
continuous or discontinuous fashion, using mixing tanks 
that can be agitated and can be installed in static plants or 
upon trucks. 

One of the characteristics of slurries is that they are 
very safe, to manufacture as well as to handle, because 
the sensitizers in their composition are not essentially 
explosives. Even so, their aptitude for detonation is very 
good which means that slurries can be used in small 
diameters and be initiated with conventional blasting 
caps. 

Their water resistance is excellent and their strength, a 
fundamental application characteristic, is equivalent or 
above that of conventional explosives and can be ad¬ 
justed as a function of the composition of the slurry. The 
energies developed oscillate in the range of 700 to 1.500 
cal/g. 

The density can also be modified, from 0.8 to 1.6 
g/cm 3 , starting from a basic value of between 1.4 and 1.5. 
By adding chemical gasifiers, as mentioned before, or 
low density additives, this parameter can be reduced. 
These reductions have influence on the explosives, 
increasing the detonation velocity in most instances, as 
well as the sensitivity, Fig. 11.12. 

Obviously, the variety of products that can be obtained 
with different compositions is very large. From the car- 
tridged slurries, similar to conventional gelatin explos¬ 
ives, up to those that can be pumped which have rheolo¬ 
gical characteristics that allow them to be treated as 
fluids. In the latter case, the advantages are that charging 
is mechanized and the blastholes are totally filled. 

Slurries that are sensitized with aluminium have better 
quality fumes in blasting than those from conventional 
explosives. 

11.4 EMULSIONS 

This group of explosives, the newest on the market, 
maintain the properties of the slurries but at the same time 
improve two fundamental characteristics, strength and 
water resistance. 

The interest in these products started in the sixties, 
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Fig. 11.11. Setting point of the AN/SN/water system, depending upon 
its composition and density. 
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Fig. 11.12. Watergel sensitivity and detonation velocity as a function 
of changing density. 

when the basic requirement of an explosive was being 
investigated: the combination of an oxidizer with a min¬ 
eral oil in a detonation reaction. These products have 
remained chemically invariable over the years (ammo¬ 
nium nitrate + fuel oil), but their physical form has 
changed drastically. 

Table 11.2 summarizes in chronological order of apari- 
tion of the explosives, the oxidizers, fuels and sensitizers 
used in the manufacturing of each one. 

From the chemical point of view, an emulsion is a 
two-phase system in which an inner or dispersed phase is 
distributed in an outer or continuous phase. 

The explosive emulsions are of a so called water in oil 
type, in which the aqueous phase is composed of inorga¬ 
nic oxidizing salts dissolved in water, and the oil phase of 
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Table 11.2. 


Explosive Oxidizer 

Fuel 

Sensitizer 

Dynamite Solid 

Solid 

Liquid 

Nitrate salts 

Meal absor- 

Nitroglycerine, 


bents 

voids/bubbles friction 

ANFO Solid 

Liquid 


Nitrate salts 

Diesel oil 

Voids/friction 

Slurry Solid/liquid 

Solid/liquid 

Solid/liquid TNT 
EGMN 

Salt solutions, 

Aluminium, 

Fine aluminium/ 

nitrate salt 

carbonaceous 

bubbles 

Emulsion Liquid 

Liquid 


Salt solution 

Oils, waxes 

Bubbles 


Table 11.3. Characteristic sizes of oxidizers in 
& Morrey, 1984). 

explosives (Bampfield 

Explosive 

Size (mm) 

Form 

VOD (km/sec) 

ANFO 

2.000 mm 

All solid 

3.2 

Dynamite 

0.2 mm 

All solid 

4.0 

Slurry 

0.2 mm 

Solid/liquid 

3.3 

Emulsion 

0.001 mm 

Liquid 

5.0-6.0 



b. x 10.000 


Photo 11.2. Structure of the emulsions (Courtesy of Bampfield and 
Morrey, 1984) 


a liquid fuel immiscible with the water that is hydrocar- 
bonated. 

During the development of the explosives, there has 
been a progressive reduction in particle size, going from 
solids to saline solutions with solids and, lastly, to the 
droplets of an explosive emulsion. Table 11.3. 

Thus, it can be understood that the difficulty in manu¬ 
facturing emulsions can be found in the oil phase because 
in the final oxygen balance a 6% of the emulsion weight, 
which is the oil, must surround the other 94% that is in 
droplet form. 

In the previous Table, the detonation velocities of each 
of the explosives, which correspond to a given diameter, 
reflect the strong dependency of the efficiency of the 
reaction upon the particle size. 

The structure of the emulsions can be seen in the three 
photographs that follow, where the droplets of saturated 
solution (oxidizing) assume a polyhedral shape, not sphe¬ 
rical, and are coated with a film of continous fuel phase. 
In Photo 11.2c, the size of the droplets in comparison 
with that of a prill of ammonium nitrate is 100 times 
smaller. 

In order to obtain an adequate sensitization of the 
explosives, when these do not contain liquid or solid 
chemical sensitizers, a physical mechanism such as gas 
bubbles that when adiabatically compressed produce the 
hotspot phenomenon, favoring initiation as well as deto¬ 
nation propagation. 

The gassifying agents are made up of expanded poly¬ 
styrene beads or glass microballoons. 

As to types of emulsion, there are many products under 
that name that have different properties related to the 
characteristics of the continuous phase and their effect on 
viscosity and consistency. 

Depending upon the type of fuel, fuel-oil, waxes, 
gums, etc., the rheological characteristics of the emul¬ 
sions are different, as well as their applications and 
methods of handling. Also the type of emulsifying agent 
used to reduce the superficial tension between the two 
immiscible liquids and therefore permit the formation of 



Fig. 11.13. Basic composition of an emulsion. 
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borehole Fig. 11.14. Production pattern for emulsions. 


the emulsion, can help to avoid problems of coagulation 
in large drops of the ammonium nitrate solution as well as 
the phenomenon of crystallization of the salts. 

Another aspect that has to be taken into account is the 
cooling of the product from the moment of its manufac¬ 
turing, which is carried out at a temperature close to 
80°C, until the instant of its use. 

The preparation pattern of the emulsions, either car- 
tridged or bulk, is given in Fig. 11.14. Starting from the 
different components: aqueous oxidizing phase, oil and 
emulsifying-stabilizing phase, and the previous heating 
of these, an intense dynamic agitation follows to obtain a 
base emulsion that is later refined in order to homogene- 
ize and stabilize it. Afterwards, it is mixed with the dry 
products that are added to adjust the density or the 
strength of the explosive. These solid products can be 
powdered aluminium, gasifying agents to reduce density, 
ammonium nitrate prills, etc. 

Aluminium powder, although increasing the energy 
developed by the explosive, has a reducing effect upon 
the detonation velocity. 

On the other hand, the sensitivity of the emulsion 
decreases as the density increases, making it necessary to 
work above the critical diameter and utilize powerful 
initiators. 

The present tendency towards using emulsions in rock 
breakage is based upon the numerous advantages given 
below: 

- Lower cost, as its manufacturing does not require 
the use of high-priced gums and starches. 

- Excellent water resistance. 

- Possibility of obtaining products with densities of 
between 1 and 1.45 g/cm 3 . 

- High detonation velocitied, 4000 to 5000 m/s, with 
little effect of the cartridge diameter. 

- Very safe to manufacture and handle. 


- Possibility of mechanized charging and preparation 
of mixtures with ANFO. 

On the other hand, its problems are due to the strict 
preparation conditions, its alterability under low tempe¬ 
ratures, its contamination during charging if it is used in 
bulk form, storing time and prolonged transportation 
periods. 

11.5 HEAVY ANFO 

In the present technology of blastings it is unquestionable 
that ANFO constitutes the basic explosive. Diverse at¬ 
tempts have been made to obtain more energy from this 
explosive, going from the crushing of high-density am¬ 
monium nitrate prills to the use of high-energy liquid 
fuels such as nitroparaffins, methanol and nitropropane, 
but they have not prospered commercially. 

Heavy ANFO, which is a mixture of base emulsion 
with ANFO, gives a new perspective to the field of 
explosives. 

ANFO leaves interstitial voids which can be occuied 
by a liquid explosive such as an emulsion that acts like an 
energizing matrix, Fig. 11.15. 

Although the properties of this explosive depend upon 
the percentages of the mixture, its main advantages are: 

- More energy, 

- Better sensitivity, 

- High water resistance, 

- Possibility of charging with variation in energy a- 
long the length of the blasthole. 

The manufacturing is relatively simple, as the emul¬ 
sion matrix can be prepared in a static plant and transport¬ 
ed by truck to a storage tank, or be pumped into a mix 
truck. With these trucks, the mixtures of emulsion with 
ammonium nitrate and fuel oil in adequate proportions 
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Fig. 11.15. Mix of emulsion and ANFO 
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Fig. 11.17. Effect of matrix level on strength (Bampfield and Morrey, 
1984). 


for the work at hand can be prepared in-situ. Fig. 11.16. 

In Fig. 11.17, a variation of the Relative Volume 
Strength (ANFO = 100) is shown for Heavy ANFO in 
function with the percentage of emulsion. 

It can be seen that a Heavy ANFO 70/30 has more 
strength than an ALANFO of 5%, and a mixture of 60/40 
is almost comparable to an ALANFO of 10%. Curiously, 
when the emulsion matrix increases beyond 40%, the 
strength diminishes due to excessive separation of the 
particles of ANFO which hinders their performance as 
hot spots and propagators of the shock wave. 


The density of the mixture increases with the percent¬ 
age of emulsion, reaching the maximum energy with an 
emulsion value of 1.3 g/cm 3 approximately. 

In Fig. 11.18, the variation in sensitivity of Heavy 
ANFO with the increase of emulsion percentage is indi¬ 
cated. The sensitivity decreases with an increment in 
density, requiring a stronger blasting cap each time. Fora 
density of 1.33, a 450 g cast primer of Pentolite, mini¬ 
mum, is necessary. 

With the relatively recent acceptance of heavy ANFO 
in the industry, an aluminized heavy ANFO with very 
high bulk strengths for relatively low cost also has poten¬ 
tial for improved mining efficiency and cost savings for 
certain operations. 

Aluminum increases total energy output, bulk strength 
and detonation temperature and pressure of the explosive 
but does not greatly affect the velocity of detonation. The 
relationship for aluminum addition to a 30/70 (emulsion/ 
ANFO) heavy ANFO is shown in Fig. 11.19. 

Table 11.4 lists the bulk strengths of ANFO, emulsion 
and several heavy ANFOs produced using low density 
porous prilled ammonium nitrate, with varying percent¬ 
ages of aluminum addition. 



Fig. 11.18. Effect of matrix level on density, critical diameter and 
minimum booster (Bampfield and Morrey, 1984). 



Fig. 11.19. Effect of increasing aluminum addition to a 30% emulsion 
Heavy ANFO on different characteristic properties. 
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Table 11.4. 


Explosive 

1 

2 

3 

ANFO 

0,85 

100 

LOO 

Al/ANFO (5% Al) 

0.88 

112 

1.16 

A1/ANFO(10%A1) 

0.91 

123 

1.32 

Al/ANFO (15% Al) 

0.94 

134 

1.48 

NCN EMULSION (0%A1) 

1.15 

78 

1.06 

NCN EMULSION (5% Al) 

1.21 

91 

1.30 

NCN EMULSION (19% Al) 

1.27 

103 

1.54 

NCN EMULSION (15% Al) 

1.30 

117 

1.79 

ANFO + 10% EMULSION (0% Al) 

0.93 

98 

1.07 

ANFO + 20% EMULSION (0% Al) 

1.01 

96 

1.14 

ANFO + 30% EMULSION (0% Al) 

1.11 

93 

1.21 

ANFO + 40% EMULSION (0% Al) 

1.20 

91 

1.28 

ANFO + 50% EMULSION (0% Al) 

1.29 

89 

1.35 

ANFO + 30% EMULSION (5% Al) 

1.14 

105 

1.41 

ANFO + 30% EMULSION (10% Al) 

1.16 

116 

1.58 

ANFO + 30% EMULSION (15% Al) 

1.19 

127 

1.78 


1. Density (g/cm 3 ). 2. Relative weight strength ANFO = 100. 3. Bulk 
strength relative to ANFO at 0.85 g/cm 3 density (ANFO = 1.00). 
Source: Crosby & Pinco (1990). 


The reaction of aluminum during detonation results in 
the formation of solid oxides, and no gaseous products 
are formed containing aluminum. The volume of gas 
generated from the total explosive is therefore reduced. 
The heat of formation of the aluminum oxide is very high, 
16.260 kj/kg, and results in a considerable gain in the 
heat of the explosion which increases the temperature of 
the gases. This higher gas temperature helps to offset the 
reduction in gas volume as a given volume of gas can do 
more work as the temperature is increased. The overall 
outcome is that aluminum addition allows more work to 
be done by the same volume of explosive, thus permitting 
drillhole spacings and burdens to be increased while 
producing corresponding improvements in blast frag¬ 
mentation. 

Fig. 11.20 allows the actual optimum explosive formu¬ 
lation to be determined. It presents the aluminum addition 
on a weight percent basis for each of the dewatered hole 
explosive products with bulk strengths between 1.0 and 
1.9. 


11.6 GELATIN DYNAMITES 

In 1875, Alfred Nobel discovered that a large quantity of 
nitroglycerine (NG) could be disolved and be retained in 
nitrocellulose (NC), obtaining a product with plastic con¬ 
sistency of easy use and handling for those times. That 
gelatin dynamite made up of 92% NG and 8% NC had a 
zero oxygen balance and released even more energy than 
pure NG. 

Afterwards, with the intention of reducing the strength 
of that explosive mixture, oxidizing and fuel substances 
were added, in proper proportion to maintain the oxygen 
balance. Apart from reducing the costs of manufacturing, 
the gelignite consistancy was conserved. Therefore, the 
NC-NG percentage of the present day gelatin dynamites 



BULK STRENGTH (RELATIVE TO ANFO AT 0,85 g/cc) 

Fig. 11.20. Percent aluminum content at various bulk strengths for 
selected AL/ANFO and Heavy ANFO formulations. 


oscillates between 30 and 35% and the rest corresponds 
to oxidizers such as ammonium nitrate, to the fuels and to 
other special products that correct the hygroscopicity of 
the nitrates. Even though the percentage of NG is small, 
the resulting strengths are not as low as would be ex¬ 
pected, reaching levels close to 80% of straight gelatin 
dynamite. 

The principal advantages of these explosives, which 
have been widely used up until recently, are: 

- High strengths. 

- High densities, from 1.2 to 1.5 g/cm 3 . 

- High detonation velocities, between 5000 and 6000 
m/s. 

- Great water resistance and chemical stability. 

Its most important problems are: 

- Risk of accidents in manufacture and transporta- 
ion. 

- Sensitivity to subsonic stimuli and, as a conse- 
uence, quite dangerous if the machinery hits or comes 
into contact with left over explosive. 

- Gives headaches because NG dialates the blood 
vessels. 

- Lack of flexibility in use under extreme atmospheric 
conditions. 

- High manufacturing costs. 

11.7 GRANULAR DYNAMITE 

Those explosive mixtures that are sensitized with NG but 
with a percentage under 15% have a granular or powdery 
consistency. 

In this group of explosives, those having an inert base 
and those with an active base should be distinguished. 
The first, now obsolete, were developed by Nobel in 1867 
and consisted of NG and kieselguhr or calcinated infuso¬ 
rian earth. Those with an active base are manufactured by 
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substituting the inert materials for a mixture of oxidizers 
and fuels which give added strength. 

The first oxidizer used was sodium nitrate, which was 
later replaced by ammonium nitrate, of more efficient 
energy. In this case special additives were also used to 
reduce the hygroscopicity of AN. 

In other granular explosives, part of the NG is totally or 
partially replaced by TNT. 

The characteristics of these explosive mixtures are: 

- Lower strength than the gelignites. 

- Detonation velocities and densities under 3000 to 
4500 m/s, and 0.9 to 1.2 g/cm 3 , respectively. 

- Very little water resistance. 

- Adequate for soft and semi-hard rock as a column 
charge. 


11.8 PERMISSIBLE EXPLOSIVES 

Permissible explosives are those designed for use in 
underground coal mines where the presence of explosive 
gases or dust is dangerous for normal blasting. Their main 
characteristic is the low explosion temperature. 

At present, the Permissible Explosives are classified in 
two groups. The first is that in which the composition has 
an additive that takes the role of explosion inhibitor, 
usually sodium chloride that, depending upon its distribu¬ 
tion, percentage, etc. increases, in more or less degree, 
the safety in an inflammable atmosphere. 

The second and more recent group is called Reinforced 
Safety or of ionic exchange and obtains lower explosion 
temperature with diverse ingredients that react at the 
moment of detonation, forming an inhibitor at that same 
instant. These explosives are usually made up of a small 
percentage of NG, a fuel and the par saline sodium 
nitrate-ammonium chloride. The reaction that takes place 
is: 

NaN0 3 + NH 4 C1 -> NaCl + NH 4 N0 3 

*v 

The ammonium nitrate acts afterwards as an oxidizer and 
the sodium chloride in an incipient state has great cooling 
power, much more than in the conventional permissible 
explosives. 

If by chance, a cartridge of ionic exchange detonates in 
the open or under weak confinement conditions, the 
phenomena that take place are the explosive decomposi¬ 
tion of the nitroglycerine and the inhibiting action of the 
ammonium chloride as the reaction of the saline par is not 
produced. In any case, deflagration is avoided which 
would be very dangerous in an inflammable atmosphere. 

The practical characteristics of permissible explosives 
are a medium or low strength, detonation velocities be¬ 
tween 2000 and 4500 m/s, densities between 1 and 1.5 
g/cm 3 and poor water resistance, with few exceptions. 

11.9 BLACKPOWDERS 

Present day blackpowder for mining uses has the follow¬ 
ing composition: potassium nitrate (75%), sulphur (10%) 


and carbon (15%). It is always in granular and grafited 
form with sizes that oscillate between 0.1 mm and 4 mm, 
and generally comes in bags of 1,2.5 and 5 kg. 

The combustion velocity depends upon the density of 
the blackpowder and the confinement conditions, and is 
always under 2000 m/s, which obviously means it is a 
deflagrating explosive. 

It strength with respect to straight gelatin dynamite is 
around 28%, and the specific energy of 23.800 kgm/kg, 
with a maximum temperature of about 200°C. It has very 
poor water resistance. 

Nowadays, the use of blackpowder is limited to the 
extraction of ornamental blocks and the breakage of 



Photo 11.3. Preparation of a binary explosive cartridge (Courtesy of 
Kinepak, Inc.). 
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Table 11.5. 



Commercial deno- 

Relative 

Density 

Velocity of 

Specific 

Water 

Applications 


mination 

strength 

(g/cm 3 ) 

detonation 

energy 

resistance 




(%) 


(m/s) 

(kgm/kg) 



ANFOS 

Nagolita 

65 

0.80 

2.000 

94.400 

Bad 

Opencast operations, in the absence of water. 
Column charging. 


Alnafo 

75 

0.80 

3.000 

96.100 

Bad 

Blasting of soft and medium rocks. 


Naurita 

65 

0.80 

2.000 

94.320 

Bad 

Designed for blastholes with high temperatures. 

Water gels 

Riogel 2 

85 

1.17 

4.500 

94.801 

Excellent 

Blasting in presence of water. Base charge in 
open cast and quarrying. Tunelling and shaft 
sinking. 


Riogur 

73 

1.1 

3.300 

88.813 

Excellent 

Profilling and presplitting blasts. 

Emulsions 

RIOMEX E20-24 

103-145* 

1.15 

4.500-5.200 

- 

Excellent 

Underground and surface blasting. Excavation of 


(Cartridged) Series 






ditches, trenches and general civil works. Wet 


E20-E24 






blastholes. 


RIONEX V2 (Bulk) 

109-154* 

1.23 

5.000-5.400 

- 

Excellent 

Open pit mining. Large quarries. Public works. 


Series V20-V24 






Able to use with automatic loading sistems. 

*RBS = Relative Bulk strength % (RBS ANFO 

= 100). 





Table 11.6. 









Commercial denomi 

i- Relative 

Density 

Velocity of 

Specific 

Water res- 

Aplications 


nation 

strength 

(g/cm 3 ) 

detonation 

energy 

i stance 




(%) 


(m/s) 

(kgm/kg) 



Gelatinous 

GOMA 1ED 

90 

1.49 

6.000 

104.158 

Very good 

Blasting of very hard rocks. 


GOMA 1-AGV 

80 

1.55 

7.000 

96.800 

Very good 

Blasting under high pressures. Seismic pros- 
pections. 


GOMA2EC 

85 

1.40 

5.250 

102.400 

Good 

Blasting unnder presence of water. Base char¬ 
ge: combined with blasting agents. Hard rocks. 
Underground and surface blasts. 

Powder 

AMONITA 21 

77 

0.95 

3.000 

87.500 

Poor 

Blasting of soft to medium hard rocks. 

explosives 

LIGAMITA 1 

77 

1.10 

3.300 

86.400 

Poor 

Blasting of soft to medium hard rocks. Used in 
underground mining and quarrying as well as 
in underground operations. 

Permitted 

EXPLOSIVO DE 

45 

1.50 

4.500 

49.150 

Good 

Used in hard rocks and coal blasting opera- 

explosives 

SEGURIDAD 9 






tions. 


EXPLOSIVO DE 

40 

1.15 

2.500 

36.650 

Poor 

Used in underground coal blasting operations. 


SEGURIDAD 20 SR 







EXPLOSIVO DE 

35 

1.10 

2.000 

30.190 

Poor 

Used in underground coal blasting operations 


SEGURIDAD 30 SR 





and soft rocks. 


elastoplastic materials such as gypsum, which break 
better under the continuous effect of the gases than by 
instantaneous strain. Therefore, the idea is to take advant¬ 
age of the great thrust of the gases, instead of the breaking 
effect which is low. 


11.10 TWO-COMPONENT EXPLOSIVES 

Individually, the components of two-component explos¬ 
ives, also called binary explosives, are not classified as 
explosives. When shipped and stored separately they are 
not normally regulated as explosives, but they should be 
protected from theft. 

The most common two-component explosive is a mix¬ 
ture of pulverized ammonium nitrate and nitromethane, 
although other fuel sensitizers such as rocket fuel have 
been used. The components are carried in separate con¬ 
tainers to the jobsite, where the container of liquid fuel is 
poured into the ammonium nitrate container. After the 
prescribed waiting time the mixture becomes cap sensit¬ 
ive and is ready for use. 


Two-component explosives are sometimes used where 
only small amounts of explosives are required such as in 
powerline installation and light construction. Where 
large amounts of explosives are needed, the higher cost 
per kilo and the inconvenience of onsite mixing negate 
the savings and convenience realized through less strin¬ 
gent storage and distribution requirements. 


11.11 EXPLOSIVES COMMERCIALIZED IN SPAIN 

In Tables 11.5 and 11.6, the technical characteristics of 
the commercialized explosives in Spain by UEE are 
given. 
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CHAPTER 12 


Explosive selection criteria 


12.1 INTRODUCTION 

One of the groups of parameters that can be controlled by 
the technicians in blastings is that of the explosives. The 
selection of the type of explosive forms an important part 
of the blast design and, consequently, the obtainable 
results. 

Those who use explosives quite often fall into a routine 
and into the mirage of minimum costs of breakage with¬ 
out taking into account a series of factors that must be 
analyzed for proper selection: cost of the explosive, char¬ 
ge diameter, rock characteristcs, volume of rock to be 
blasted, presence of water, safety conditions, explosive 
atmospheres, and supply problems. 

12.2 EXPLOSIVE COST 

The cost of the explosive is obviously a very important 
selection criterium. To start with, one must choose the 
lowest cost explosive with which the work at hand can be 
carried out. 

The comparative costs of the explosives per unit of 
weight, with Ammonium Nitrate as a reference, are 
shown in Fig. 12.1, drawn up from that of Wright 
(1986). " 

It can be seen that the least cpstly explosive is ANFO, 
and has a frequency of use rating of 50 to 80%, varying in 
different countries. Other attractive features of this blast¬ 
ing agent is its safeness, ease of storage, transportation 
and handling, as well as the possibility of bulk charging. 

However, even though the cost is low, ANFO has some 
problems, such as poor water resistance and low density. 

When speaking of cost, it would be more correct to do 
this by expressing it per unit of available energy ($/kcal) 
than by unit of weight ($/kg) because, the fact is that the 
results of the blastings depend upon the energy destined 
to fragmentation and swelling of the rock. 

On the other hand, it must not be forgotten that the 
objective of blasting is to carry out breakage at the lowest 
possible cost and that in hard rocks, drilling is a burden¬ 
some task that could well compensate the use of costly 
explosives that have more strength, or selective charges 
made up of a high density - strength bottom charge and a 
lower density, medium strength column charge, Fig. 
12 . 2 . 

For a blast design using a fixed hole size requiring an 
explosive or explosives of a particular bulk strength, and 


having fixed collar and subgrade dimensions, the lowest 
blast cost will be achieved by using the explosive having 
the required bulk strength at the lowest cost per unit 
length of loaded blasthole. The possible choice of product 
is shown in Fig. 12.3, which presents the relationship 
between relative weight strength and relative bulk 
strength for different aluminized and non-aluminized 
ANFO, emulsion and heavy ANFO systems. This figure 
also indicates which products can be used in wet, dry or 
dewatered blastholes. For a particular explosive bulk 
strength, Fig. 12.3 shows that there are generally a wide 
range of explosives that may be chosen for a given blast 
pattern design. 

Therefore, from an economical point of view, the best 
explosive is not always the least expensive but rather the 
one that achieves the lower blasting costs. 

12.3 CHARGE DIAMETER 

When explosives are used with detonation velocities that 
vary greatly with the diameter, which is the case of 
ANFO, the following precautions must be taken: 

- With blastholes under 50 mm diameter, it is better to 
use slurries or cartridged dynamites, even though they are 
more costly. 

- Between 50 and 100 mm, ANFO is adequate for 
bench blastings as a column charge and in inner charges 
increasing the density by 20% with pneumatic chargers 
and effective priming. 

- Above 100 mm, there are no problems with ANFO, 
although in hard rocks it is better to design columns with 
selective charges and a good initiation system. 

In large diameters with different mixtures of bulk 
explosives (ANFO, Slurries, emulsions and heavy AN¬ 
FO) it is very economical to charge by mechanical 
means. 

Lastly, the gelatin and granular cartridged explosives 
are still used in small diameters, but in medium type 
calibers they are being substituted for cartridged slurries 
and emulsions. 

12.4 ROCK CHARACTERISTICS 

The geomechanic properties of the rock mass to be 
blasted make up the most important group of parameters, 
not only for their direct influence upon the results of the 
blasts but for their interrelation with other design vari¬ 
ables as well. 


119 



120 


Drilling and blasting of rocks 


EXPLOSIVE 

COMPARATIVE EXPLOSIVE COS 

(RELATIVE COST. REHRBCED TO A BASE BULK AN COST 
600 »<)0 » 

TS 1 

nxx Of loo-joo) 1 
00 20< 

BULK AH 

- 




CART FUDGED ANFO 

- 

— 



BAOGEO AFFO 





BULK AFFO 

mmm 




CAATRDGED SLUflWES/GELS 





BAGGED SLUWUES/GEL5 

m 



1 

BULK SLURWES/GELS 

■ 




DYNAMTE5 


— 


- 

GELATHS 





EMULSIONS 

- 


■ 

j 

ANFO SlURftV MIXTURES 

_ 



— 


HEAVY AFFO 

— 

- 




Fig. 12.1. Comparative prices of industrial prices. 



Fig. 12.2. Relative drilling and blasting costs in hard rocks for different 
charge alternatives. ^ 


Rocks are classified in four types, and the recom¬ 
mended selection criteria are: 

12.4.1 Resistant massive rocks 

In these formations, there are very few fissures and planes 
of weakness, which requires that the explosive create a 
larger number of new surfaces based upon its Strain 
Energy ET. The ideal explosives therefore are those with 
high density and detonation velocity: slurries, emulsions 
and gelatin explosives. 

12.4.2 Highly fissured rocks 

Explosives with high ET have very little influence upon 
final fragmentation in these masses because when they 
start to develop radial cracks these are quickly interrupted 
when intersected by preexisting fissures. For this reason, 
explosives with high Gas Energy EB, such as ANFO, are 
indicated. 



BULK STRENGTH (RELATIVE TO ANFO AT 0,85 g/cc) 


Fig. 12.3. The relationship between relative weight strength and relat¬ 
ive bulk strength for aluminized ANFO, emulsion and heavy ANFO 
products indicating mixes suitable for wet and dry or dewatered hole 
conditions. 



Fig. 12.4. Selection of explosives in function with the geomechanic 
properties of the rock masses (Brady and Brown, 1985). 


12.4.3 Rocks that form blocks 

In the masses with large spacing between discontinuities 
that form voluminous in-situ blocks, and in ground where 
large boulders exist within plastic matrixes, fragmenta¬ 
tion is governed mainly by the geometry of the blast and, 
in lesser degree, by the properties of the explosive. 

In these cases, explosives with a balanced ET/EB 
relationship are recommended, such as ALANFO and 
heavy ANFO. 

12.4.4 Porous rocks 

In this type of rocks, a great buffer-effect and absorption 
of strain energy is produced, with the bubble energy 
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carrying out almost all the task of breakage. Apart from 
selecting the proper explosives, which would be those 
with low density and detonation velocity, such as ANFO, 
the following measures should be taken to retain the gases 
within the blastholes for as long a period as possible: 

- Control the stemming material and height. 

- Properly sized burden 

- Bottom priming 

- Reduce Blasthole Pressure by decoupling the char¬ 
ges or adding inert materials (ANFOPS). 

12.5 VOLUME OF ROCK TO BE BLASTED 

The volume of the excavation and the work schedule give 
the amount of explosive necessary for the breakage ope¬ 
ration. 

In large operations, the quantity of explosive may be 
such as to consider its use in bulk form, as it makes 
mechanized charging possible from the transport units 
themselves, reducing labor costs and making better use of 
the volume of rock drilled. 


12.6 ATMOSPHERIC CONDITIONS 

Low atmospheric temperatures have strong influence on 
the explosives which contain NG as they tend to freeze at 
temperatures under 8°C. To solve this problem, sub¬ 
stances such as nitroglycol are used to lower the freezing 
point to below -20°C. 

High temperatures also give problems, making the 
handling of explosives dangerous as in the case of so 
called exudation. 

With the development of slurries, these risks have 
almost disappeared, although in cold weather the car¬ 
tridges become less cap sensitive and more initiation 
energy is needed. ANFO is not affected by low tempera¬ 
tures when properly primed, hpt in hot atmospheres it is 
necessary to control the evaporation of liquid fuel. 

12.7 PRESENCE OF WATER 

When ANFO is in an atmosphere with more than 10% 
humidity, an alteration is produced that stops detonation. 
Therefore, when there is water in the blastholes the 
following should be carried out: 

- If there is not much water present, pulverized ANFO 
is placed in waterproof plastic containers, reaching densi¬ 
ties of 1.1 g/cm 3 . Axial priming should be used because if 
one of the cartridges is ruptured during the charging 
process, it will quickly become desensitized in the col¬ 
umn. 

- If there is more water present and the former proce¬ 
dure is not feasible, the blasthole can be dewatered by 
using a down-the-hole submersible pump and then plac¬ 
ing a waterproof liner in the hole, loading the bulk ANFO 
inside the liner before the water seeps in again. 

- If the flow of water makes dewatering impossible, 



Photo 12.1. Use of pourable slurry in blastholes with water. 


explosives such as bulk watergels and emulsions can be 
used, pumping or pouring them, or gelatin explosives and 
cartridged slurries. In this last case, the height that the 
water would reach can be calculated by the following 
formula: 


D 2 - 


where: H f = Final height of the water, H 0 = Initial height 
of the water, D - Blasthole diameter, d = Cartridge di¬ 
ameter. 

In cases where there is little water or dewatering is 
possible, Heavy ANFO has opened new perspectives for 
lowering blasting costs. 


12.8 ENVIRONMENTAL PROBLEMS 

The main problems that affect areas near the blastings are 
vibrations and air blast. 

From the explosive point of view, those with high 
strain energy give higher vibration levels. Thus, when 
feasible, it is better to use ANFO instead of slurries. The 
sectioning and sequencing of charges can also be carried 
out with bulk and cartridge explosives by applying differ¬ 
ent initiation techniques. 

As to air blast, it is recommended that the explosive 
have a balanced strain energy/bubble energy relationship 
and, above all, that the geometric design of the blasting be 
controlled. 
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12.9 FUMES 

Although many explosives are prepared so that their 
oxygen balance gives maximum energy and minimum 
toxic detonation gases, the formation of harmful fumes 
with a certain nitrous gas and CO content is inevitable. 

The fumes enter as a selection criterium in under¬ 
ground operations only and it must be pointed out that it is 
more a problem of poor ventilation rather than of the 
explosive itself. 

The presence of plastic containers, inadequate charge 
diameters or inefficient initiations can bring about a large 
volume of fumes. 

Cap sensitive slurries generally give gases with good 
properties, whereas with bulk slurries certain precautions 
must be taken, as well as with ANFO which produces a 
high concentration of nitrous gases. 

The gelatin explosives are usually good, but not so 
those dynamites with a high AN content. 


12.10 SAFETY CONDITIONS 

A balance between sensitivity and safety is not always 
easy to achieve. Gelatin explosives have high sensitivity 
but if explosive left-overs are found in the muck pile for 
some reason (cut-offs, detonating cord breakage, etc.) 
and heavy machinery is used: front end loaders or cater¬ 
pillars, detonation could occur with the consequent 
danger for operators. This problem has been solved with 
the use of slurries and emulsions that are insensitive to 
being struck, friction or subsonic stimulation, but have an 
adequate degree of sensitivity for initiation. 


12.11 EXPLOSIVE ATMOSPHERES 

Excavations carried out in gassy atmospheres, such as in 
coal mines as well as in other metal mines or civil 
engineering, could cause great catastrophies if secondary 
blasts occur. 

For this reason, in such projects it is most necessary to 
undertake the task of studying the atmosphere and envi¬ 
ronment near the blasting so as to decide whether to use 
permissible explosives and/or inhibitors in the stemming 
material. 


12.12 SUPPLY PROBLEMS 

Another final factor to take into account is the available 
supply in function with the location of the work and the 
proximity of explosives and their accessories. 

If the powder magazines belong to the organization, 
length of storage must be taken into consideration along 
with possible variations in the explosive characteristics of 
some of the products. 
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13.1 INTRODUCTION 

Parallel to the evolution of explosives, initiation devices 
have gone through important technological advances 
since the decade of the forties in an attempt to obtain the 
following objectives: 

- Energetic initiation of the more modem explosives, 
which are much more insensitive than the clasical dy¬ 
namites but also safer. 

- Control over initiation times to improve fragmenta¬ 
tion. 

- Reduction of the vibration levels, air blast and fly- 
rock produced in blasts. 

- Punctual priming, either at the top or base of the 
blasthole, or axial priming. 

- More speed and flexibility in breakage operations 
while maintaining a high degree of safety for personnel 
and installations. 

At present, the firing systems for the detonators called 
ordinary blasting caps by means of a safety fuse, which 
implies high risk for the blaster and a lack of control over 
ignition timing with negative effects on the blasting 
yields and the alterations that could occur, has almost 
completely been substituted by safer and more trustwor¬ 
thy systems that can be classified in two groups: 

- Electric systems, and 

- Nonelectric systems. % 

In this chapter, the characteristics of the different initia¬ 
tion devices for both groups will be discussed, along with 
other useful elements for the correct execution of blast¬ 
ings. 

13.2 NONELECTRIC INITIATION SYSTEMS 

13.2.1 Blasting caps initiated by low core load 
detonating cords 

Very low energy cords are made up of a pentrite core with 
a variable core load of between 0.8 and 1.5 g/m sur¬ 
rounded by wires and a flexible plastic cover of about 3 
mm. The blasting cap placed at one of the ends of the cord 
is similar to the electric version, with the only difference 
being that the ignitor is the cord itself, and it is usually 
finished off by a plastic connector as shown in Fig. 13.1, 
with which it is joined to the lead firing cord with the 
highest core load. 

These detonators are commercialized in several coun¬ 


tries under different names such as Anodet, Detaline, 
Primadet, etc. A great advantage is that they do not 
initiate blasting agents such as slurries and ANFO, allow¬ 
ing bottom priming to be carried out. 

13.2.2 Shock tube systems or non-electric caps 

These systems consist in a thin transparent plastic tube 
lined by a light coating of explosive of approximately 20 
mg/m and a detonator that is similar to an electric blasting 
cap. The speed of the shock wave within the tube is 
around 2000 m/s and is not sufficiently strong enough to 
initiate explosives that are in contact with the tube, how¬ 
ever sensitive they may be, which also permits an effec¬ 
tive bottom priming. 

The initiation can be carried out by means of a detona¬ 
tion cord, an electric blasting cap, or with a special pistol 
charged with blank cartridges. 

The delay timings with which the Nonel, made in 
Sweden, are commercialized are 25 ms, 100 ms, 200 ms 
and 500 ms, giving a very wide range of delay sequences, 
depending upon the numbers of the series. In other coun¬ 
tries where they are made under patent, the delay timings 
can differ. 

When calculating the blasts, the delay caused by shock 
wave transmission through the tube, which is about 0.5 
ms per meter of length, must be accounted for. 

In order to give this system more flexibility and reduce 
costs, Nonel is used with a reduced length of tube in 
combination with a low core load detonating cord (1 g/m) 
and joining them with plastic connectors. 

One practical problem that this type of detonator poses 
is the impossibility of checking the firing circuits, as only 
visual inspection can be carried out. 

13.2.3 Hercudetcaps 

This system uses a special blasting machine that is con¬ 
nected to the caps by a thin plastic tube which closes the 
circuit. The blasting machine injects a gaseous mixture of 
two components, oxygen plus a fuel gas, into the circuit, 
and the explosion starts when the whole line is filled with 
the mixture. The detonation is propagated at a speed of 
2400 m/s, initiating the caps along its way, but not the 
explosive in contact with the tubes, which means that 
bottom priming is also feasible, Fig. 13.3. 

The caps are of conventional type, either instantaneous 
or with delay intervals of 50 ms for the first numbers and 
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Photo 13.1. Nonel shock tubes or blasting caps (Nitro-Nobel). 


TRUNKLINE 



Fig. 13.1. Plastic connector in detonating cord of very low energy. 



60 ms for the for the last, encompassing a total time that 
goes from 50 to 850 ms. The electrical part of these caps 
has been substituted for two plastic tubes that protrude 
from the cap, 10 cm for surface operations and 4.8 or 7.2 
m for underground blasts. 

The main advantage of this cap in comparison with 
other non-electrical ones is the possibility of checking to 
make certain that the circuit of the round has been pro¬ 
perly constituted. A certain flow of air or nitrogen can be 
introduced, measuring the pressure afterwards with a 
pressure test module. In Fig. 13.4, a connection circuit is 
shown. 




Fig. 13.3. Components of Hercudet cap and tube connectors. 




Fig. 13.4. Pattern of a circuit with Hercudet caps. 
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13.2.4 Delay primers 

This group of accessories usually consists in a conven¬ 
tional primer with a plastic cover that has a delay channel, 
as a generatrix, through which the low core load detonat¬ 
ing cord of 3 to 6 g/m passes. The time element is inserted 
in the primer and has a blasting cap or sensor near the 
detonating cord, a transmitter and a delay detonator. 

This type of primer is used basically in blastings where 
deck charges and different initiation times are used in 
order to reduce powder factors. The nominal sequenced 
timings depend upon the different manufacturers, a few 
of which are listed below: 

- Deckmaster by Atlas Powder Co. of 25 ms and 50 
ms intervals with a maximum delay for the series of 400 
ms. 

- Austin ADP of 25,50 and 75 ms delay intervals. 

- Slider by CIL, Inc. Fig. 13.5, etc. 

The number of intervals can by increased by combin¬ 
ing this system with the usual top priming with electric 
milisecond delay detonators. 

13.2.5 Surface and borehole detonating cord 
millisecond delay connector 

Millisecond delay connectors are accessories that when 
connected at intervals along the trunkline of detonating 
cord produce delay periods for transmission of the deto¬ 
nation wave. 

They are made up of millisecond delay connectors 
with two small charges encased in metal sheaths pressed 
against their sides. 

In those of old design, the cord is connected to the 
metal sleeve by means of pincers, and the most modem, 
which are of plastic, have special holes at each end so that 
the detonating cord can be looped and locked in the 
connector by means of a tapered pin, Fig. 13.6. 




Photo 13.2. Deckmaster delay primer 


Fig. 13.6. Types of surface milisecond delay connectors. 
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With the use of these elements, sequences with an 
unlimited number of intervals can be achieved by placing 
more than one in the same strand of cord between each 
two blastholes. 

The other delay connectors, called blasthole milise- 
cond delays, are essentially the same as they are made up 
of a small aluminum cylinder with one end open where 
the detonating cord which initiates the charge is inserted, 
and at the other end there is a small ring through which 
the lower core load cord, that constitutes the principal 
line, is threaded, Fig. 13.7. 

The milisecond delays vary from 25 to 1000 ms, and 
one is needed for each blasthole. 

In order to avoid misfires, it is recommended that each 
blast have a double initiation circuit. 



13.2.6 Cap and fuse 

Nonelectric blasting or common caps are made up of an 
aluminum shell containing two types of charges: a base 
charge with a high detonation velocity explosive in the 
bottom of the shell and an igniting charge with a more 
sensitive explosive. Fig. 13.8. 

They are initiated by a strand of safety fuse that is 
inserted into the common cap and crimped with a crimp¬ 
ing tool to prevent the fuse from slipping out of the cap 
and to prevent water or other foreign material from 
entering the cap and inhibiting detonation. The safety 
fuse is manufactured with a core of black powder, 
wrapped in various layers of textile fibers and 
waterproofing material, that protect it from abrasion, 
humidity and mechanical forces. 

The safety fuse should be cut squarely so that it comes 
well into contact with the igniting charge of the cap, Fig. 
13.9. 

The burning rate is usually 2 minutes per meter, with a 
tolerance of more or less 10%. 

The use of these accessories has decreased over the 
years. Nowadays they are the hardly used at all. 

A very useful system for simultaneously igniting a 
large number of fuses safely and quickly is by igniter 
cord, which can reach propagation velocities of up to 3 
m/s, and fuse connectors, Fig. 13.10. 

The lighting of the igniter cord can be done in three 
different ways: with the flame of a lighter, electrically or 
with a safety fuse. 


Fig. 13.8. Blasting cap to be used with safety fuse. 


WRONG WAY 



FUSE GAP CAP 



Photo 13.3. Clip-on surface detonating cord delay connector. 



The delay timings are always in miliseconds and usual¬ 
ly oscillate between 10 and 100 ms, depending upon the 
manufacturer. In Spain, those of 15 and 25 ms are com¬ 
mercialized. 


RIGHT WAY 



Fig. 13.9. The principle of safety fuse - blasting cap assembly. 
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Fig. 13.10. System of rapid ignition for the safety fuse. 


13.2.7 Detonating cords 

These cords have a central core of PETN in varying 
amounts (3,6,12,40 and 100 g/m) wrapped in a braid of 
various textile fibers, and covered with a plastic jacket 
that gives adequate flexibility, waterproofing, tensile 
strength and resistance to humidity. 

The detonation velocity is around 7000 m/s. The types 
of knots that can be made are shown in Fig. 13.11. 

In 3 g/m cord such knots should be eliminated unless 
they are carried out with higher core load cords. 

Although the primary application of these accessories 
is to propagate the detonation, initiated by a detonator, to 
an explosive charge, they also have other uses as exp¬ 
lained in Table 13.1. 

There are also reinforced cords on the market for 
underwater operations and other special ones that are 
anti-firedamp. 



Fig. 13.11. Recommended knots for detonating cord. 


Table 13.1. 

Detonating cord (g/m) Applications 
1.5-3 Initiation of primers and very sensitive 

explosives 

6 Trunklines connecting blastholes 

12-20 Initiation of conventional and low sensitivity 

explosives 

40 Seismic exploration 

100 Contour blasts and demolitions 



Photo 13.4. Different core load detonating cords. 


13.3 ELECTRIC INITIATION SYSTEMS 
13.3.1 Electric blasting caps 

These devices are made up of an aluminum or copper 
shell that holds an ignition system, a primer charge and a 
base charge, Fig. 13.12. The strength of the blasting caps 
depends upon the quantity of mercury fulminate in its 
composition, normally between 1 and 2 grams which 
correspond to the cap strength numbers 6 and 8 respect¬ 
ively, or any other equivalent explosive such as pressed 
PETN, etc. 

If the electric blasting cap is of delay or milisecond 
delay type, there is a pyrotechnic delay element between 
the ignition system and the primer charge. 

The electric blasting caps are classified in function 
with the following characteristics: 

1. Detonation timings. 

2. Electrical characteristics and, 

3. Applications. 
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Fig. 13.12. Electric detonators. Instantaneous and delay. 


Table 13.2. 


Electrical characteristics of the 

Type of cap 


UEE blasting caps 

S 

I 

AI 

Bridgewire resistance, Ohms (Q) 

1.2-1.6 

0.4-0.5 

0.03-0.05 

Ignition impulse (mW.seg/O) 

0.8-3.0 

8-16 

1100-2500 

Safety current, Amperes (A) 

0.18 

0.45 

4 

Ignition current. Amperes (A) 

1.2 

2.5 

25 


Source: Union Espanolade Explosivos, S.A. 


Series circuit, Fig. 13.13 

The total resistance of the resulting circuit R T is: 

R t = R l + n(R p + 2m X r t ) = R l + n X R d 

where: R L = Firing line resistance (£2), R p = Bridgewire 
resistance (£2), n = Number of detonators, m = Length of 
the connecting wires (m), r l = Resistance per lineal meter 
of connecting wire. For copper of 0.6 mm in diameter, the 
value is 0.065 £2/m, R D = Total resistance of the de¬ 
tonator (£2). 

This circuit is one of the most used for its simplicity 
and for the possibility of checking it out by simple 
continuation, as the current from the power source has 
only one path to follow. If the number of caps is high, 


Depending upon the lapse of time that passes between 
the moment in which the detonator is energized and the 
instant in which the caps detonate, they are grouped as: 

- Instantaneous caps 

- Delay caps. Standard delay or millisecond delay. 

In Spain, the standard delay cap series (500 ms) made 
by UEE consists of 12 numbers, and the millisecond 
delay series of 20 and 30 ms with 15 and 18 numbers, 
respectively. 

All the electric blasting caps have a certain dispersion 
in the initiation timings, more so in the higher numbers of 
the series, as demonstrated by Winzer (1979) in an ex¬ 
haustive study with ultraspeed cameras. The range of 
variation is usually between'5 and 10 %. Birch (1983) 
gives an equation to estimate the standard deviation in 
miliseconds starting from the cap number n d : 

a u = ( 3 + 2 ' n d> 

From the electrical point of view, detonators are classified 
according to the ignition impulse or energy per unit of 
electrical resistance which is needed to provoke ignition 
of the electric detonator. In this manner, the detonators are 
said to be Sensitive (S), Insensitive (I), and Highly Insen¬ 
sitive (AI). 

The electrical characteristics of the Spanish detonators 
are given in Table 13.2. 

As to applications, aside from the conventional, there 
are detonators on the market that are resistant to high 
water pressures for underwater blasts, copper detonators 
for firedamp or inflammable atmospheres and detonators 
for seismic prospecting. 

In blastings, the electric detonators are connected to 
each other forming a circuit that is connected to the 
source of energy by the lead wire, or shooting line. There 
are three types of electric detonator circuits: 



Fig. 13.13. Series circuit 


Ai Ai A 3 A n 



B t B 2 B 3 8 n 


Fig. 13.14. Parallel circuit. 


more current is required from the blasting machine and 
the resulting amperage is low as it is given by: 

1 = V/R t 

Parallel circuit, Fig. 13.14. 

r d 

r t = r l + ~ 
n 

This connection system is used mostly in underground 
operations and is recommended when there is high risk of 
current leakage. 

Parallel series, Fig. 13.15. 

In balanced connections one has: 
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1 



Fig. 13.15. Parallel-series circuit. 



Fig. 13.16. Recommended wire splices. 


where: n s = Number of caps in a series, n p = Number of 
parallel series. 

This type of circuit is used when there is a very large 
number of caps and it is necessary to reduce the total 
resistance in order to adapt it to the capacity of the 
blasting machine. 

An equation to determine the optimum number of 
parallel series from a given group of detonators, with the 
blasting machine on hand, is: 

n p 2 = Total resistance of all electric de¬ 
tonators h- Total resistance of all firing line, con¬ 
necting wire and buswire. 

If, in spite of this calculation, s the estimated electrical 
intensity is insufficient to adequately ignite the de¬ 
tonators, the alternatives are: change the firing line for a 
heavier gage with less electrical resistance, or substitute 
the blasting machine for one with higher voltage. 

This type of circuit is very effective when the blasts 
have under 300 blastholes. The admissible unbalance 
between series is of more or less 5 percent. 

The connection of the cap wires between themselves or 
to the buswire should be done in accordance with the 
recommended patterns in Fig. 13.16. 

When there are no guarantees of insulation or it is 
desired that the connection work be carried out more 
quickly, speed connectors could be used. 

The checking out of the circuits should be done with an 
ohmmeter (blasting galvanometer) that is designed so 
that the output intensity does not exceed 0.025 A and the 
short circuit current be under 0.050 A. The checking 
stages can be divided in the following manner: 

a) Before the circuit hookup. Check the continuity and 
isolation of the firing line and, if deemed necessary, each 


blasting cap individually, taking the precaution of placing 
the cap inside a wooden block or steel tube in order to 
protect the blaster in case of accidental explosion. 

b) After hookup. Check the total resistance of the cir¬ 
cuit. When it is a series pattern, the resistances that are 
lower than calculated are due to a lack of connection of all 
the caps, or to a current leakage. If the resistance is too 
high, there is a false contact or the number of caps is 
higher than calculated. And finally, if the resistance is 
infinite, the circuit is open. Any one of these abnormali¬ 
ties can be corrected by subdividing the circuit and deter¬ 
mining the point where the problem exists. 

In the parallel circuits it is recommended that each cap 
be checked individually, and in the parallel-series pattern 
each series should be checked out and see if they are 
balanced. 

13.3.2 Magnadet electric detonator and Magna Primer 

In 1981, the electric detonator Magnadet appeared on the 
market, commercialized by ICI, giving the following 
advantages over conventional blasting caps: 

- The stray continuous or conventional alternating 
currents of 50 or 60 Hz cannot initiate it. 

- It passes the German static electricity test with dis¬ 
charges at 30 kV and 2500 picofarad, and the French test 
at 10 kW and 2000 picofarad. 

- It is safer than the conventional caps when conf¬ 
ronted with radio-frequency energy. 

- The possibility of current leakage is practically null 
because each detonator behaves independently as in a 
parallel circuit. 

The special characteristic of this detonator is that it is 
connected to the blasting machine through a transformer. 
The primary circuit is made up of the firing line which is 
joined to the blasting machine, and the secondary circuit 
of a ferrite core (toroid) and the lead wires of the each 
blasting cap, Fig. 13.17. 

The initiation of each cap can only be produced when 
the primary circuit is connected to a source of alternating 

FERRITE CORE 



PLASTIC PROTECTOR 
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Photo 13.5. Magna Primer. 



ELECTRONIC 

TMNQ 

CIRCUIT 


Fig. 13.18. The components of an electronic delay detonator 


current with a frequency of 15 kHz or more. For this 
reason, special blasting machines are required that go up 
to 30 kHz and allow easy testing to check if the impe¬ 
dance of the circuit is below the acceptable limit. 

The batteries are rechargeable and give up to 100 shots 
if maximum charging is used. The Magna primer is based 
upon the same principle and is designed to hold two 
Magnadet caps with a length of conductive wire reduced 
to 5 cm. The primary circuit passes through a central hole 
as can be observed in Photo 13.5. 


13.3.3 Electronic delay detonators 

From the middle of the eighties, several explosives manu¬ 
facturers began to develop electronic delay detonators. 
These accessories give, due to their great precision, ex¬ 
cellent control over the fragmentation process, as well as 
over vibrations and flyrock. 

In Fig. 13.18, a longitudinal pattern is shown of the 
detonator manufactured by the ICI Group. In this device, 
the pyrotechnic delay detonator has an electronic timing 
circuit. Each detonator has a built in delay sequence 
number that is assigned during its manufacturing. The 
actual delay interval is in function with the delay number 
of the detonator and the interval of time is selected by the 
blaster and established on the blasting machine. 

The detonator described is used with sequenced 
explosives that have different phases in their circuits that 
go from 5 to 250 ms, in increases of 5. The filter, in 
combination with the toroid, gives ideal protection a- 
gainst parasite currents, static electricity produced by 
pneumatic charging of the explosives or radio-frequency 
signals. 


The absolute precision of these detonators is extreme, 
around 0.2 ms, but their price is prohibitive at the mo¬ 
ment, about 10 to 15 times that of a conventional cap. 


13.4 SOURCES OF ENERGY 

The sources of energy for initiation of electric detonators 
are: blasting machines, batteries, and the electricity net¬ 
work. 

The batteries, as well as the electrical lines as not very 
adequate sources of energy for firing blasts and should 
only be used in special cases and with authorization. 


13.4.1 Conventional blasting machines 

Within the group of blasting machines, the most utilized 
are the condenser discharge, or capacitator discharge 
(CD). By means of a switch or a dry cell battery the 
condensor is charged, closing the circuit automatically or 
indicating by a light or dial when the capacitator is 
charged. The current discharge takes place within a very 
short time. 

In order to check out the blasting machine model to see 
if it is appropriate for a determined operation, or for 
sizing the same, the following calculations should be 
carried out: 

1. Total available energy E 0 in the blasting machine 

where Cis the capacitance in farads of the machine and V 
the voltage in volts that the condensor reaches at the 
moment of firing. 

2. Energy delivered to the Circuit E o within a short period 
of time, usually 5 ms. 


E d = E 0 ( 1 -g-o.oi/KrxC) 


3. Effective current I EF ) that will be supplied by the 
delivered energy to the circuit. 


I EF ~ 


Ed 


10.005 x R t 


4. Ignition impulse S r 
Ed „ 

5 ; = — = I EF x t 

t\'j' 


Example: 

A blast is to be fired of 10 blastholes with AI detonators 
with a spool length of 3 m and a firing line that has a 
resistance of 5f2. The blasting machine has C - 200 fll 
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Fig. 13.19. Electric pattern of a capacitator discharge blasting ma¬ 
chine. 



Photo 13.6. Sequential blasting unit with circuit tester, terminal board 
and blasting machine. 



Fig. 13.20. Multiple blast fired with a sequential 
blasting machine. 


and V = 1.100 V with a discharge timing of 5 ms. The 
blasting machine is to be checked to see if it is adequate to 
energize the detonators of the blast. 

1. R T = R L + nx R d 

= 5 + 10 x (0.05 + 2 x 3 x 0.065) = 9.4 £2 

2. E 0 = 0.5 x 200 x KT 6 x 1.100 1 2 3 * 5 = 121 joules 

3. E d = 121 x (1 - e~ 532 ) = 120.4joules 

120.4 

-= 50.61 A 

1.005 x 9.4 

5. 5 f = 50.62 2 x 5 = 12,809.3 mW.s/Q 

So is larger than 1,100 - 2,500 mW.s/Q which is the 
electric sensitivity of the AI detonators. The Safety Factor 
would be: 

12,809.3 

FS = -= 5.12 

2,500 


13.4.2 Initiation by alternating current 

The energizing of blastings with alternating current from 
an industrial line or a generator is not recommended 
because, as the tension values fluctuate during a cycle of 
20 ms, one never knows with what intensity the blast will 
be energized, which could produce misfires. 

This method is usually for underground operations 
only. 

13.4.3 The sequential blasting machine 

In operations where the drilling diameter conditions the 
explosive column to be subdivided in order to reduce the 
operating charges, different number electric blasting caps 
are used in each hole. 

Also, when the blasts are fired with a large group of 
blastholes, the normal series of electric detonators can 
offer a technical limitation. To avoid this problem, 
sequential blasting machines have recently been develop¬ 
ed. They are basically made up of a system of discharges 
by condensers and an electronic delay timer that energ¬ 
izes various circuits at selected intervals. The most com- 
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Photo 13.7. 
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Fig. 13.23. Omega tube. 


mon number of circuits is 10 and each of them can be 
programmed, in the most complete models, to fire one 
after another with increments of 1 ms between 5 and 999 
ms. 

The equipment is composed of the following elements: 
blasting machine, master cable with 10 independent cir¬ 
cuits, machine tester and circuit tester. 

The master cable, of varying length, has a core of 12 
wires and 10 terminal pairs to which the ends of the 
circuits are connected. The blasting machine tester mea¬ 
sures the percentage of energy that the machine is capable 
of supplying by discharge, and with the circuit tester, 
blasting galvanometer, the resistance of the different cir¬ 
cuits is checked, according to the capacity of the blasting 
machine, Photo 13.6. 

In Fig. 13.20, a multiple blast is represented in which a 
series of detonators of 12 numbers obtains 72 different 
outputs with 6 circuits. 

Some models give remote control and can be con¬ 
nected to satellite equipment which is very useful in 
underground blasting. 


13.5 OTHER ACCESSORIES 


13.5.1 Connectors 

The connectors can be of two types, depending upon their 
use, which may be to connect electric blasting caps or for 
detonating cord. The first are made up of a small tube that 
is closed on one end, into which the joined ends of the 
wires are introduced. Once this is done, the tube is bent to 
assure their retention, thus constituting an efficient insu¬ 
lation. Fig. 13.22. 

The connectors for detonating cord are small plastic 
tubes that have a V-shaped notch on one end finishing in a 
diametrically placed perforation. They permit rapid and 
safe connection of the lines of either equal or different 
core load detonating cord. Photo 13.7. 

13.5.2 Omega tube and cartridges with special jointing 
sleeves 

In order to space the charge along the length of the 
blasthole in contour blasting, plastic tubes opened length¬ 
wise are used, in which detonating cord and cartridges, 
separated from each other at a set distance, are placed, 
Fig. 13.23. 

In contour blasts, the explosive can be prepared in 
special cartridges which have jointing sleeves at each end 
allowing rapid and safe preparation of the columns at the 
desired length. 


13.5.3 Centralizing and retention elements 

In contour blasts of small diameter where the charges are 
decoupled, plastic pieces shaped like a daisy and placed 
in tubes or cartridges are used to center these in the 
blastholes, leaving a coaxial ring of air that acts as a 
cushion, Fig. 13.24. 
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Fig. 13.24. Centering a pre-split charge in a blasthole. 


13.5.4 Plugs 

Plastic or wooden drill hole plugs are used in surface 
blastings, for marking out and for avoiding falling rocks 
or other objects in the drilled blastholes, Fig. 13.26. 

The color of the plugs, which should contrast with the 
rock, can be the same throughout the blast, or the combi¬ 
nation or various colors to visualize the pattern, not only 
in its geometry but in the forseen sequence as well. 

13.5.5 Funnels 

When the explosive is used in bulk form and is poured 
into the blastholes directly from the bags, it is convenient 
to have a funnel on hand to speed up charging and avoid 
spilling or mixing of the explosive with drill dust. These 
elements are made of metal plate with an outside ring to 
which the detonating cord is attached in order to avoid its 
being drawn into the blasthole. Fig. 13.27. 




Fig. 13.25. Plastic locking springs. 



Fig. 13.26. Plastic drill hole plugs. 


In underground upholes, pieces similar to those 
described, made of semi-rigid plastic, are used to hold the 
cartridges in place, Fig. 13.25. 


13.5.6 Stemming tubes 

To carry out the stemming operation, check the depth of 
the blastholes and aid in their charging, stemming tubes 
of wood or any other material that does not produce 
sparks or electric charges are used. They are usually 
cylindrical in shape with a smooth surface and in varying 
lengths, with a larger cylindrical piece at the end. Some¬ 
times they are composed of flexible parts that can be 
connected or plugged into each other, giving the desired 
length, Fig. 13.28. 


DETONATING 

CORD 



Fig. 13.27. Funnel for pouring bulk explosives. 



Fig. 13.28. Stemming tubes. 
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Fig. 13.29. Mechanical stemming equipment for large blastholes. 




Photo 13.8. Lightning Forecasting System. 


13.5.7 Stemming equipment 

For large operations, where the number and diameter of 
the blastholes is so large that manual stemming becomes 
costly and time consuming, mechanical equipment such 
as shown in Fig. 13.29 came into use a several years. The 
machine consists of a small automotive vehicle similar to 
a front end.loader to which a bi-valve or pusher system, 
manipulated by hydraulic cylinders, has been installed. 

It takes about 30 seconds to place the stemming in each 
blasthole and at the moment models for blastholes with 
diameters between 160 and 380 mm are available. 



Fig. 13.30. Equipment for measuring the burden. 


13.5.8 Measuring instruments for burden size 

When drilling rock masses with important lithological 
changes and bench heights, deviations are frequent and 
can provoke flyrock and air blast, as well as affecting the 
results of the blastings. 

There are instruments available to measure the burden 
size which consist in a probe, lowered into the blastholes, 
and a radiodetection aparatus that is handled by an 
operator from the bench toe, Fig. 13.30. 

The measuring errors can be around 5%. If the devia¬ 
tions are not admissible, the blasthole can be redrilled or 
the charge pattern can be modified. 

13.5.9 Lightning Forecasting System 

The Lightning Forecasting System consists of two main 
parts: the sensor unit and the central unit. 
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The sensor unit consists of a field mill to measure 
electrostatic field intensity and a two-part Antenna for 
registration of lightning inpulse signals and atmospheric 
noise which is generated in thunderclouds while they 
develop. The antenna tube acts as a support for the field 
mill and is fitted to a collapsible base. 

The sensor unit is located outdoors in an open place. 
The central unit consists of a cast aluminium cabinet with 
controls and signal panels, electronic equipment to eva¬ 
luate the incoming signals and power supply circuits with 
a stand-by parallel accumulator. Furthermore, the central 
unit includes electronic equipment to control external 
alarm and recording units. 

Signals fron the sensor unit are transmitted via a 
screened cable to the Central Unit which should prefe¬ 
rably be located indoors or under a protective shelter 
outdoors. 

All components subjected to corrosionn are made of 
stainless steel or some other non-corrosive material. 

The system can be equipped with external alarm units 
which provide the possibility to distribute yellow and red 
alert signals throughout a working site. The units also 
provide a signal if the system ceases to function due to a 
powerfailure. 

In order to be able to provide efficient warning for 
lightning - and high field intensity - consideration must 
be taken to three different types of thunderstorms as 
follows: 

1. Thunderstorms which are already fully developed 
when they enter the warning zone. 

2. Thunderstorms which start to develop within the 
warning zone. The very first lightning discharge can then 
occur within the zone concerned. 

3. Electrostatically charged precipitation in the form 
of rain or snow. This type of precipitation often actuates 
single flashes of lightning. 

Type 1 is registered through the field mill and radio 
wave antenna which senses the electro-magnetic radia¬ 
tion of the lightning flashes at a^distance of about 15 km. 

Types 2 and 3 are registered through the field mill 
which accurately senses the electrical field intensity in the 
air. 

All types of thunderstorms are verified through regis¬ 
tration of the radio noise which always occurs in develop¬ 
ed thunderclouds. 

This System provides objective alarms in two stages: 

1. Yellow alert 


2. Red alert 

A yellow alert indicates that the electrical conditions in 
the atmosphere are abnormal. This can be a temporary 
phenomenon but, if a thunderstorm is on the way, the next 
stage could be a red alert. 

A red alert implies that the electircal activity in the 
atmosphere is not temporary and therefore there is con¬ 
siderable risk of a flash of lightning occuring in the 
warning zone within 10 minutes. 

Since the system can be finely set for different sensitiv¬ 
ity, yellow and red alert levels, it can be used in many 
different areas which are sensitive to thunder or other 
forms of electrical activity in the atmosphere. 
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CHAPTER 14 


Initiation and priming systems 


14.1 INTRODUCTION 

The massive use of blasting agen t s such as ANFO, slur¬ 
ries and emulsions in rock breakage has brought about an 
important development of initiation and priming tech¬ 
niques. This is due to, on one hand, the relative insensitiv¬ 
ity of these compounds and, on the other hand, a desire to 
obtain maximum performance from the energy released 
by the explosives. 

The detonation process requires initiation energy so 
that it can develop and maintain stable conditions. 

The most frequent terminology used in initiation is: 

Primer. High strength, sensitive explosive used to initiate 
the main column in the blasthole. They are cap and 
detonating cord sensitive, including ones of low core 
load. 

Booster. Powerful explosive charge with no initiation 
accessory that has two functions: 

1. Complete the initiation work of the primer in the 
explosive column, and 

2. Create zones of high energy release along the length 
of the column. 

Since the seventies, various theories have been devel¬ 
oped on initiation, some contradictory, creating some 
confusion amongst operators. In the following para¬ 
graphs present day knowledge is discussed and a series of 
practical recommendations are given in order to obtain 
maximum yield from the explosives. 

14.2 PRIMING AND BOOSTERING BULK 
ANFO-TYPE BLASTING AGENTS 


When blastholes have a length of under 10 m and are kept 
dry, initiation of ANFO can be carried out safely with 
only one bottom primer. 

However, if the bench is very high and the holes pass 
through zones of different lithological characteristics and 
fracture frequency, water can appear and there is the 
possibility of separation of the explosive column during 
charging, due to drill cuttings and loose rock that can fall 
into the blasthole. In these cases, multiple priming is 
recommended with an initiator every 4 or 5 m, which, 
although slightly more costly, would eliminate the risk of 
incomplete detonation in any of the holes. 


14.2.1 Initiation by a primer 

In the priming of ANFO, the efficiency of a primer is 
defined by its detonation pressure, dimensions and 
shapes- 

The higher the detonation pressure PD, the greater its 
initiating ability. The effect of the ‘PD’ on the detonation 
velocity VD of ANFO is shown in Fig. 14.1. 

As can be observed, with detonation pressure that is 
less than a certain value, a partial reduction in VD is 
produced, and the contrary is true when PD is above the 
mentioned value. 

Following the same procedure, the effect of the diame¬ 
ter of the primer has also been studied, Fig. 14.2. 

Therefore, the conditions that a primer should comply 
with in order to eliminate low VD zones in the ANFO are: 
the highest possible detonation pressure and a diameter 
above 2/3 that of the charge, approximately. 

The length of the primer is also important, as the 
primer itself is initiated by a blasting cap or detonating 
cord and they have a run-up distance in the VD. For 
example, for a sluny to reach the detonation velocity 
regime it usually has a characteristic run-up distance of 3 
to 6 times that of the charge. 

In Table 14.1, the minimum dimensions of pentolite 
boosters for diff e rent blasthole dia meters are sh own. _ 

As to the shape of the primers, the latest investigations 
have demonstrated that it has a significative effect upon 
performance, which means that it is a field open to study. 

Although it is generally believed that the energy pro¬ 
duced by ANFO increases with the transient velocity of 
the charge, this concept is false because the total energy 
released by an explosive is constant and independent of 
that velocity. An increase in VD brings about an increase 
in Strain Energy ET, thus lowering that of the gases EB 
but, the sum of both remains constant.— 

The relationship ET/EB is lower in zones of VD 
reduction and higher when the primer produces a raise in 
VD. 

The increase in Strain Energy is only beneficial for 
fragmentation when hard, fragile and massive rocks are 
being blasted. In sedimentary bedding planes or highly 
fissured rocks, the bubble energy should be increased in 
order to take advantage of the fractures and planes of 
weakness and obtain adequate rock displacement. 

Finally, it has been found that the VD steady-state in 
ANFO is independent of type, weight and shape of the 
primers (Junk, 1972). 
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DISTANCE FROM INITIATION POINT (mm| 

Fig. 14.1. Effect of primer’s detonation pressure on initial VD of 
ANFO (Junk, 1972) 


14.2.2 Types of primers and boosters 



AS8ESTOS TUBE CONFNEMENT 


At present time, the most used primers are those made of 
pentolite as they have numerous advantages, such as: 

- Insensitivity to impacts and frictions. 

- High physical strength, therefore dimensionally sta¬ 
ble. 

- They have one or two longitudinal tunnels through 
which the detonating cord can be threaded and re-ained, 
or into which a detonator can be inserted, Fig. 14.3. 

- They are small, compact and easy to handle, and 
they do not have adverse physiological effects. 

- They are not alterated by age. 
Theslurriesandemulsionsthatare cap oreordsensit- 

ive can be used as primers or primer cartridges, with the 
advantage that they occupy the entire cross-section of the 
blasthole and are very efficient. When these explosives 
require a primer for initiation, they can only be used as 
boosters (secondary primers) unless special accessories 
are used such as Detaprime by Du Pont, Fig. 14.4. 

14.2.3 Initiation by downline 


«0 200 3^ 3)0 

DISTANCE FROM MTIATKX POINT (mm) 

Fig. 14.2. Effect of primer’s diameter on initial VD of ANFO (Junk, 
1972). 


Table 14.1 


Blasthole diameter (mm) 

Size of pentolite booster 
(Mass x diameter x length) 

-50 

30 g x 23 mm x 52 mm 

50-115 

60 g x 28 mm x 70 mm 

115-160 

150 g x 40 mm x 79 mm 

160-320 

400 g x 80 mm x 59 mm 


When a detonation cord has insufficient core load to 
initiate a charge of ANFO, the detonation of said cord 
creates a pressure front that expands in cylindrical shape 
and a chimney of gas inside the ANFO. If the cross- 
section of the blasthole is small then the lateral pressure 
can compress and desensitize the explosive. 

According to Hagan, in blastholes of 75 to 125 mm, a 
downline with core loads of 10 g/m that lies along or near 
the axes densities and desensitizes at least some of the 
ANFO. If the downline is along the blasthole wall, there 
is very little risk of desensitization with a properly mixed 
ANFO, but it is possible in blastholes with water where 
the explosive is alterated. 
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ANFO DETONATION 
VELOClTY(VERY LOW) 


3/6 RADIUS OF THE CHARGE 



Fig. 14.5. Detonation effect of a downline lying along the axis of a 
blasthole upon the VD of ANFO. 



Fig. 14.6. Energy losses provoked by the downline in ANFO columns 
(Konya&-Walter,J590)_ 

If the downline side-initiates the ANFO, the initial VD 
is slower and increases gradually while the detonation 
wave front passes through the section of the explosive 
column. With axial initiation an increase in Bubble Ener¬ 
gy is produced at expense of the Strain Energy, which can 
be quite advantageous in soft and highly fissured rocks, 
and when a controlled trajectory blast is desired with 
maximum displacement. 

On the other hand, in Fig. 14.6, the energy losses are 
shown for ANFO when it suffers damage from the down¬ 
line, owing to the precompression brought on by the 


combustion or deflagration of part of the explosive char¬ 
ge- 

14.2.4 Initiation by primer and detonating cord 

When the detonating cord does not completely initiate 
ANFO charges, the following situations may appear: 

- In blastholes with diameters larger than 200 mm and 
cords with core loads under 10 g/m, the detonation of the 
cord has an insignificant effect and the ANFO is only 
affected by the primer. 

- When a cord of 10 g/m lies along or near the axis of 
a 75 to 125 mm blasthole, the detonation of the downline, 
as indicated before, compresses and desesitized the AN- 
JED and prevents i ts detonation in parts that are not close 
to the primer. When this occurs, the fraction of ANFO 
that detonates decreases as the detonation wave propa- 
gates into the ANFO. In practice, above all in angled 
blastholes, as the downline lies along the blasthole wall 
and not the charge axis, this situation is not produced. 

If the downline side-initiates the charges, the primers 
have little influence on the effect of the ANFO detona¬ 
tion, unless they are very close together. 

14.3 PRIMING CARTRIDGE ANFO TYPE 
BLASTING AGENTS 

If the covering of an ANFO charge has been damaged, 
permitting its contents to be alterated by water, the propa¬ 
gation of the detonation can be interrupted unless several 
primers are placed along the column of cartriged explos- 



a] INADEQUATE b) SATISFACTORY 


Fig. 14.7. Inadequate and satisfactory priming for cartridged loose- 
poured ANFO in wet Blastholes (Hagan, 1985). 
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ives, Fig. 14.7, and there is certainty that they are in 
contact. 

In blastholes with 150 m diameters, primers of 125 g 
weight are recommended, and in larger holes of 500 g. 

When ANFO has been pressure-packed in cartridges at 
the factory, the densities reached (1.1 g/cm 3 ) are higher 
than when the explosive is loose-poured (0.8 g/cm 3 ). 
Thus, although water is present in the blastholes, it is 
more probable that the cartridges will come into contact 
with the primers and, apart from this, the wrappings are 
usually more water and abrasion resistant, requiring less 
number of primers than in the previous cases. 


14.4^PRIMINaFUMPED4TR-FOUREITSLUR:RY- 
AND EMULSION BLASTING AGENTS 


Generally speaking, slurries and emulsions are less sen¬ 
sitive to initiation than ANFO. These blasting agents tend 
to be more easily compressed and can be desensitized by 
cord detonation inside the explosive column. Less poros¬ 
ity and the presence of a liquid phase reduce the atenua- 
tion of the shock wave produced by the detonating cord 
and prolong the action of the high pressured gases after 
the shock wave passes. 

In order to minimize the risk of cut-offs originated by 
the detonating cord, in large diameter blastholes (150 to 
381 mm) a multiple priming system is used. The number 
of equidistant boosters n m inside a blasthole of D diame¬ 
ter with a column length / is determined, according to 
Hagan, with the following equation: 



Photo 14.1. Placing a booster to initiate a column of poured slurry. 


/ 

30 D 


+ 0.73 


In a 20 m high bench with a diameter of 229 mm, a 
stemming of 5.70 m and a subdrilling of 1.80 m, the 
number of cast primers required will be: 


20- 5.70 + 1.80 

- + 0.73 

30 • 0.229 


3.07 =3 


In order to be certain that the boosters are correctly 
placed, a weight or heavy rock should be put on the end of 
the detonating cord to tense the line, and the first boosters 
should be placed at the calculated depth. 

When the density of the multiple primers is not more 
than-that-of-the-blasting-agents-usecTortharrthat-of-the- 
mud itself that can exist in the hole, there could be a risk 
of inadequate positioning of the primers as a consequence 
of their flotation or being pushed upwards. In these cases 
it is recommended that the downline be prepared for 
multiple priming outside the hole, threading twice each of 
the primers, Fig. 14.8. 



. HEAVY POCK TO WEIGHT 
DOWN PRIMING ASSEMBLY 


Fig. 14.8. Recommended priming system for pumped watergel and 
emulsion changes (Hagan, 1985). 
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In some place the accessories are lowered with clips in 
the shape of tweezers that avoid their rising towards the 
surface. 


14.5 PRIMING CARTRIDGED WATERGEL AND 
EMULSION BLASTING AGENTS 

Watergels and emulsions have high water resistance, 
which allows primers to be widely spaced within charges 
if it were not for the potential problem of desensitization 
by the downline. The multiple initiation system is recom¬ 
mended, as shown in Fig. 14.9. In blastholes with diame¬ 
ters under 150 mm, the recommended weights of the 
ftrimers-are 125 g, whereas in l a rger diamet ers-they- 

should be increased to 500. _ 

As with pourable slurries and emulsions, if two lines of 
detonating cord are used in the blasthole, only one of 
these should reach the top of the column to avoid risk of 
desensitization. 


_ DOWNLINE A 


<30D; 




-PACKAGED WATE 
OR EMULSION 


:30o|^ 



CAST PRIMER 


F<R 


Fig. 14.9. Priming system for packaged watergel or emulsion blasting 
agents (Hagan, 1985). 


14.6 LOCATION OF PRIMERS 
14.6.1 Bottom priming 

Bottom priming gives maximum use of explosive energy, 
increasing fragmentation and displacement of the rock 
with a minimum of fly rock. This is due to the fact that the 
detonation progress towards the stemming while the 
gases of the explosion are entirely confined within the 
rock mass, until the stemming material is ejected and 
allows their escape. This time of confinement is usually 
around 3 to 4 ms, according to detonation velocity and 
length of column. The subsequent fall of pressure through 
escape on bench toe level takes place much later, Fig. 
44-i0^a&hievm g better fra gment ation and sw e lling 
because of this, as well as a lower vibration level due to 
shock wave propagation towards the top part of the 
bench. 

In bench blasts, as the breakage at floor level is ex¬ 
tremely important, the priming should be such as to 
produce maximum strain at that point. If the priming 
takes place at floor level and not at the bottom of the 
blasthole, an increase in peak strain of 37% is obtained 
(Starfield, 1966) due to simultaneous detonation of the 
two parts of the charge that are equidistant from that 
point, Fig. 14.11. In the same manner, a 37% greater peak 
strain can be generated in any strong bed if the primer is 
placed centrally within the bed. 

In blastholes without subdrilling, the bottom primer 
should be located as low as possible but never upon the 
drill cuttings or in mud, recommending that there be a 
distance of approximately 4D above the effective base. 

Apart from the cited advantages, bottom priming has 
much less chance of cut-offs than top or multiple priming. 
In Fig. 14.12, two 270 mm diameter and 20 m long 
blastholes are shown as an example, where the spacing 
between explosive columns and stemming height is 7 m. 
The detonation velocities are 7000 m/s and 4000 m/s in 
the cord and in the ANFO, respectively, and between both 
blastholes there is a milisecond delay interval of 25 ms. 

As blasting failures are produced by cut-off of the cord 
through ground movement, the larger the difference in 



TIME 

Fig. 14.10. Effect of the position of the primer upon the pressure-time 
profile in the blasthole. 
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Fig. 14.11. Strain pulses at point P for charges primed (a) at their bases and (b) at bench floor level (Hagan, 1974). 
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Fig. 14.12. The reduced probability of cut-offs where charges arebot- 
tom primed. 
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Fig. 14.13. Safety pattern with bottom priming. 


detonation times in two similar points of both charges, the 
lower the probability of this uccuuing. In Fig. 14.12, it" 
.can_be_seen_thaL-with-top 4 iriming-(a-)-the-difference-in- 
timing between B and D is 25 ms, whereas with the 
bottom priming (b) that time is reduced by 20%, thereby 
lowering the risk of cut-offs. 

A bottom priming pattern called safety is the one 
indicated in Fig. 14.13. 

In this case, if the low core load cord of the detonator N 
failed for some reason, at the end of a time equal to the 
nominal interval of the series of milisecond delay the top 
primer would initiate, producing the detonation of the 
blasthole. 

Up until a short time ago, operators were not interested 
in bottom priming because the use of detonators inside 
the blastholes had certain risks, but nowadays nonelectric 
accessories are available such as low core load downlines 
and those of very low energy that offer a wide field of 
possibilities for this initiation system. 

14.6.2 Top priming 

In bench blasts where top priming is used, a high strain 
wave is propagated towards the subdrilling zone where, 
of course, its energy is dissipated and therefore wasted. 

In blasting overburden for a dragline, this strain energy 
can be more usefully employed in fragmenting the rock 
between the bottom of the blasthole and the top of the 
coal, but not the coal itself, especially if there is a strong 
bed immediately above the coal and/or a well defined 
zone between the waste and the ore. 

If peak strain is to be maximized along the rock that 
surrounds the stemming column, the top primer should be 
at least 1/4 of the burden below the top of the charge 
(Starfield, 1966). If the explosive is initiated with a 
primer at the highest point, the superposition of the 
strains generated by adjacent charge elements gives a 
lower result in any point of the stemming. Fig. 14.14. 

The elimination of premature escape of the gases into 
the atmosphere, with adequate stemming height, impro¬ 
ves fragmentation and rock displacement by Bubble 
Energy. For elongated charges, the efficiency of the 
stemming with top priming is less because the inerte 
stemming material, as well as the rock itself at the top, 
start moving some miliseconds before detonation of the 
lower part of the explosive. The fall of the presure of the 
gases is greater in long explosive columns with low 
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Fig. 14.14. Strain pulses on burden alongside stemming column for 
charges primed at and somewhat below their uppermost point. 


detonation velocity and insufficient stemming, or small 
burden size. 

When the detonation reaches bench floor level, the 
pressure of the gases falls rapidly from its highest value, 
due to their escape towards lower pressure zones. This 
phenomenon gives poor fragmentation in the bottom of 
the blasthole and especially a reduced displacement of 
the lower rock. 

14.6.3 Multi-point priming 

If various primers are used, they should be located in 
positions such as to produce collision of the detonation 
waves at a level that coincides with the hard zone of the 

rock or at bench floor level, Fig. 14.15.- 

--The-strains-producedJnuthese_points of collis ion are 

46% stronger than those obtained with simple priming 
(Starfield, 1966). 

When the charges do not offer loss of velocity, frag¬ 
mentation is improved in multi-point priming through 
strain energy reinforcement. 



Fig. 14.15. Applications of multi-point priming in a bench blast. 



CORRECT INCORRECT 

Fig. 14.16. Cartridge priming with an electric detonator. 


14.6.4 Continuous side initiation 

When the explosive columns are continuously side ini¬ 
tiated by a detonating cord (downline), the detonation 
velocities are relatively lower than the regime. Thus, side 
initiation is more effective in highly fissurized soft rock 




C) WITH DETONATING CORD 



Fig. 14.17. Priming cartridges and blastholes. 





























Initiation and priming systems 


143 


formations where more bubble energy is preferible. The 
theory that continuous side initiation significantly 
increases the VOD of ANFO cannot be maintained, as 
has been demonstrated in practice. 


14.7 PRIMING CONVENTIONAL CARTRIDGED 
EXPLOSIVES 

The priming of cartridges consists of inserting a de¬ 
tonator or the end of a detonating cord in the cartridge to 
activate or initiate the detonation of the main charge in 
the blasthole. 

To maximize the use of the shock effect produced by 
-the-detonator, thi.s-should-be-p l ac ed a x ial ly -t o the primer 
cartridge and to the axis of the explosive column, Fig. 
14.16. 

Any primer is an activated explosive ready to detonate 
under different stimulations, fire, strikes, etc., which 
means that they must be handled with extreme care, in 
transportation as well as when being placed in the blast- 
holes. They should never be directly tamped. 

For priming cartridges and blastholes with electric 
detonators and detonating cords, the patterns given in 
Fig. 14.17 should be followed. 

The procedures for priming blastholes are as follows: 

a) With instantaneous electric detonators. For isolated 
or simultaneous blastholes in rock of low to medium 
strength. Wet blastholes. 

b) With electric delay detonator. Bottom priming for 
simultaneous blastholes or without a face, without water 
and in medium to hard type rock. With this system 
fragmentation is improved. 


c) Detonating cord. Contour blasthole or in soft rock, 
with decking to lower the total charge along the length of 
the column. 
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CHAPTER 15 


Mechanized systems for charging and dewatering blastholes 


15.1 INTRODUCTION 

Along with the devetopmenrofexpiosives 7 cliaigiilg and 
riewatering-blastholes^as-been^ubjected-to-mechaniza^ 
tion, driven by the numerous advantages that this offers to 
blasting as described below: 

- Better use of the volume drilled in rock by being 
able to fill the entire blasthole with the explosive and put 
it into contact with the blasthole walls. 

- Increase in charge density inside the blastholes. 

- The possibility of forming selective charges by 
varying densities and specific energies along the column 
length. 

- The use of bulk or loose-poured explosives which 
are less costly than cartridged. 

- Less charging time. 

- Less personnel required for the charging operation. 

- The possibility of using ANFO, of lower cost than 
watergels and emulsions, after dewatering the blast-oles. 

- Better control over explosives and their supply. 

All these advantages lower drilling and blasting costs 
as the drilling patterns can be more open and the charging 
times reduced. 


15.2 MECHANIZED BLASTHOLE CHARGING 
SYSTEMS 

The mechanized charging systems are classified in two 
large groups, depending upon whether they are merely 
charging instruments or integral systems of manufacture 
and charge. 

In the following, the present day methods for the most 
important types of explosives are described: 

-Cartridged slurries and gelatin dynamites._ 

- ANFO and its derivatives (ALANFO and Heavy 
ANFO). 

- Bulk slurries and emulsions. 

15.2.1 Cartridged explosives 

Pneumatic cartridge charging equipment was developed 
in Sweden during the decade of the fifties. These units 
allow the charging of blastholes with diameters between 
35 and 100 mm, obtaining a 15 to 20% increase in 
packing densities when compared to manual tamping, or 
even up to 30% if a robot is used. 

The charging capacities for these systems, with a two- 


man team, oscillates between 500 and 1.000 kilos per 
shift, depending upon the cartridge sizes. 

—In -Tabl e 15.1, the r e commended diameters of car¬ 
tridge s and hos e for di fferent blasthole diameters are 
indicated. 

The chargers, Fig. 15.1, consist of a tubular chamber 
with a flip valve at each end, a charging funnel through 
which the cartrigdes are introduced, a plastic loading 
hose and an ensemble of pressure-release pneumatic 
valves. 

The pressurized air reaches the charger at a maximum 
pressure of around 1 MPa and with a series of regulators, 
it is reduced to 0.3 MPa. There is also a safety valve. 

The loading hoses are made of black anti-static plastic, 
although in certain special operations metal tubes can be 
used. The diameters of these hoses is in function with the 
cartridge sizes, and its length should not exceed 50 m. At 
the end of the hose where the explosive emerges there are 
cutter blades which slit the cartridges open, and the force 
of ejection drives them to the bottom of the blasthole, 
compacting and completely filling it. 

The tamping of these units is done manually, unless a 
Robot , which can be attached to the charger, is used, 
Photo 15.1, which substitutes the operator in this tedious 
and tiring work, especially in long blastholes, and allows 
a more regular and uniform charging. 

This complement consists of a double-action pneuma¬ 
tic cylinder with a piston that is joined to a pneumatic 
pusher, a front spacer tube and a support that holds the 
aparatus in place against the blasthole. The cylinder has 
an oscillating movement that is transmitted by the pusher 
to the loading hose which, upon return, allows another 
cartridge to emerge. The degrees of stemming achieved 
with the forward movements of the hoses vaiy between 
1.4 and 1.6. __ 

The use of these chargers is especially interesting 
when the rounds are made up of horizontal blastholes or 
long, inclined upholes. The only limitations are based 
upon the sensitivity to impact or friction of the cartridges, 
thus in some instances the velocity has to be drastically 
reduced. 

Owing to the recent tendency towards using large 
diameter blastholes, above 100 mm in underground min¬ 
ing the conventional chargers have become useless. 
However, the largest chargers on the market with hose 
centralizers have been used. This way, the cartridges of 
emulsion or slurry make impact in the center of the 
column, reducing the risk of dislodging or falling back of 
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Table 15.1. 


Drill bit diameter 

Cartridge dia- 

Hose dimensions (mm) 

min/max (mm) 

meter (mm) 

Inside diam. 

Outside diam. 

38-45 

22 

23.2 

30 

40-51 

25- 

27 

34 

45-64 

29 

30 

38 

51-76 

32 

33.5 

41.5 

64-102 

38-40 

41 

51 


the explosive in upholes. It has also been demonstrated, 
in experimental tests, that a standoff distance must be 
maintained between the end of the loading hose and the 
explosive column. The optimum is 45 cm for 165 mm 
blastholes, and 60 cm for those of 100 mm diameter. 

In order to reduce friction of the cartridges against the 
inside walls of the hose, reaching high impact energy, 
water lubrication is recommended. 



Photo 15.1. Robot charger. 


At present, Nitro-Nobel A. B is developing new equip¬ 
ment for charging upholes with diameters of up to 165 
mm. Of the two systems that are in experimental phase, 
Charge-Pusher and Half-Pusher, Fig. 15.2 shows the 
working principle of the latter. 

Without going into detail, this device has a climbing 
mechanism with which, by upward movements, it pushes 
the charge ahead to the desired position. In each pushing 
movement an expansion element presses against the 
walls of the blasthole, retaining the climber in place while 
the piston rod forces the cartridge upwards which is held 
in place by a spider-like piece. 

15.2.2 ANFO type explosives 
Charging systems 

Depending upon the capacities of the containers, the 
charging systems are classified as follows: 

- Pneumatic chargers 

- Charging trucks (Mix-Load and Mix-Pump) 

The first system is mainly used in underground opera¬ 
tions and small surface mines, whereas the second is 
exclusively for large mines and surface operations. 

Pneumatic chargers. In these chargers, Fig. 15.3, the 
explosive is propelled through an antistatic, semi- 
conductive hose by air pressure contained in a metal 
vessel or pot that is hermetically closed. The design 









146 


Drilling and blasting of rocks 



SEMICONDUeTtVE- 



PATH TO GROUND 

Fig. 15.4. Control of static energy in pneumatic loading. 


PHASE 2 



Fig. 15.5. Pneumatic loading of ANFO in upholes. 



Photo 15.2. ANFO loader on vehicle. 


consists in a funnel-shaped bottom, a cylinder-shaped 
body and another cone-like shaped of stainless steel that 
is corrosion resistant. 

The capacity of these chargers varies from 100 to 750 
liters, and when transported they are mounted indi¬ 
vidually on wheels or upon a vehicle, Photo 15.2. For the 
latter, the air is pressurized by compressor activated by 
the motor of the vehicle, which also has recipients of the 
explosive for the automatic recharging of the vessels, or a 
prepared space for ANFO sack storage when the refilling 
is done by hand. 

When upholes are loaded in underground operations, 
the pressure of the vessel must be combined with the 
Venturi effect created by blowing pressurized air through 

-the injector , to produc e compr es sing of the ANFO prills 

_irLthe bottom of the blasthole so that they will stick and 

not fall out. 

The working pressures go from 0.15 to 0.3 MPa in the 
vessels, and from 0.2 to 0.35 MPa in the injectors. 

This type of charging equipment is recommended for 
blastholes with diameters between 26 and 150 mm, un¬ 
less they are upholes, where the diameters are limited to 
100 mm. 

The yield of the chargers depends upon the interior 
diameters of the hoses and their length, which should 
never be over 50 m, and the inclination of the boreholes. 
The maximum charging capacity oscillates between 2 
and 4 tons. Apart from the equipment already described, 
there are lighter models on the market which can be 
transported by the operator himself, with a capacity of 
from 25 to 40 kg of ANFO. 

These are used in underground operations to charge 
blastholes of 28 to 65 mm in diameter and basically 
consist of small vessels of polyethylene plastic with 
straps for their transport. They work with air pressures 
that go from 0.4 to 0.8 MPa and the charging capacity 
reaches 7 kg/min. 

A very important aspect, from a safety point of view, is 
the elimination of the large amount of static electricity 
that is produced. In order to do this, it is necessary to 
properly connect the loading hose, made of semi- 
conductive material, and properly ground the whole 
equipment. Fig. 15.4. 

In the particular case of large diameter upholes, the 
traditional method of pneumatic loading, consisting of a 
lower closing plug and a charging tube has been progress- 

_ivelv s ubstituted by the direct method represented in Fig. 

15.5, where the pressure given to the ANFO, which varies 
between 0.14 and 0.2 MPa, is sufficient to make the 
ANFO prills stick to the bottom of the holes giving 
charge densities of 0.95 to 1 g/cm 3 . It is of vital impor¬ 
tance in this system to have a correct design of the 
centralizer in the charging tube. 

If there is water present in the blastholes, the loading 
can be done after placing a plastic liner. 

The primers that are connected to downlines or to the 
detonator are usually placed in the bottom of the blast- 
holes by means of a retainer with help of the loading hose 
itself. 
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Photo 15.3. Bulk loading truck with helicodial auger (Courtesy of Amerind-MacKissic, Inc). 


Bulk loading trucks. The types of tank trucks used for 
charging granular ANFO-type explosives are: 

- Pneumatic delivery system 

- Auger delivery. Fig. 15.7. 

The first type of truck is the most used in Spain at the 
moment, and it consists of a closed aluminum deposit 
(AN hopper) with top and bottom V-shaped charge open¬ 
ings to aid in the descent of the explosive towards the 
conveyer or feed auger which conveys the ANFO for 
mixing and should be protected by an inverted V-trough 
which keeps the conveyer from holding the whole weight 
of the charge. 


On the outside part of the deposit is a mechanism 
which regulates the height of the explosive on the feed 
auger, as well as a tachometer for the roller motor permit- 
timg variations in the speed, dosifying the supply of the 
rotary air-lock feeder which discharges the explosive by 
air pressure through an antistatic hose to the inside of the 
blasthole. 

The rotary air-lock feeder is composed of a drum wheel 
with plastic blades which also keeps the pressured air out 
of the ANFO bin. 

The engine of the vehicle is connected to the hydraulic 
pumps that activate the feed auger and the rotary air-lock 






148 


Drilling and blasting of rocks 


1 


feeder, as well as the air compressor. 

The loading hose is located in the back of the truck and 
is about 10 m in length which permits the charging of 3 or 
4 blastholes from the same position when the truck is 
driven between two rows. 

The problems with this system are the segregation of 
the aluminum when ALANFO is used, and the impossi¬ 
bility of loading Heavy ANFO. 

The second model of truck has, at the bottom of the 
deposit and lengthwise, a helicoid auger that is also 
protected by deflecting plates. 

This auger feeds another vertical one which then de¬ 
livers the product to a third subhorizontal, pivoting boom 
auger. This last auger has a length of between 5 and 6 


blastholes through a flexible hose that are 6 or 7 m from 
the back part of the truck, Photo 15.3. 

When the truck is between two rows of large-diameter 
blastholes, the number of these that can be loaded from 
one position is limited to one or two. 

The loading flow of these trucks varies between 150 
and 750 kg/min. 

A more simple version of this truck is one called Side 
Auger Discharge System. In the back of the vehicle there 
is an inclined discharge auger that delivers the explosive 
to another swiveling boom auger of approximately 3 m in 



Photo 15.4. Bowl-type mix-load truck. 



Photo 15.5. ANFO cartridges (Amerind Mackissic, Inc.). 


FUEL 

OIL 

TANK ALUMINUM TANK 



Fig. 15.8. Deposits on a mix-load truck. 


JOtatioiyas. well as its elevation or lowe ring by means of a 
small hand winch. During transit the auger rests in a 
cradle along the lower left side of the body. 

During the last few years, there has been a progressive 
tendency towards trucks having an auger delivery sys¬ 
tem, owing to the following advantages: 

- The possibility of charging Heavy ANFO as well as 
ANFO and ALANFO. 

- Greater discharge rates, and 

- Lower loss of ammonium nitrate and distillate vapor 
around the collars of blastholes. 

Mix and load systems 

Conventional Mix-Load trucks. These have a hopper of 
ammonium nitrate and a tank of fuel oil. If ALANFO or 
Heavy ANFO is required, there is also a third tank with 
the emulsion blasting agent or aluminum powder, Fig. 
15.8. 

Moments before loading the blastholes, the two or 
three components are mixed in the truck, in the desired 
proportions, and the resulting explosive is then delivered 
by either of the two systems described previously. 

The hopper of ammonium nitrate is similar to those 
already mentioned. In the pneumatic discharge units the 
fuel is added with the air whereas in those of auger 
delivery, the fuel oil and other additives are delivered 
through the vertical auger. 

Bowl-type Mix-Load trucks. These trucks are similar to 
concrete trucks with slight modifications to make them 
safe for mixing and charging bulk blasting agents. The 
components are placed in the bowl in adequate propor¬ 
tions and are mixed accordingly before being dischar¬ 
ged. 

The explosive obtained with these units is character¬ 
ized by: 

- Smaller errors in the overall chemical composition 

- More uniform blending and, therefore, 

- The energy outputs closely resembles those achiev¬ 
ed in laboratories. 

When compared with conventional mix-load trucks, 
bowl-type trucks offer the following advantages: 

- Lower capital cost (about 30%). 

- Higher discharge rates, close to 2.000 kg/min. (this 
is 2.5 to 4 times those obtained by conventional trucks). 
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On the other hand, bowl-type trucks have the following 
disadvantages: 

- The truck must be positioned very close to the 
blasthole for loading, losing time in changing posi-ions. 

- Only one type of explosive can be charged each 
time, eliminating the possibility of selective charg-ng. 

- The quantity of explosive mixed must be exactly the 
amount required in order to avoid excess, which must be 
removed. 

- The capacity of these trucks (approximately 11.5 t) 
is 25% less than conventional trucks. 

Cartridged ANFO 

When drilling 76 to 190 mm diameter blastholes and 
water-appears r theexplosive-eolumns-ean-be-prepared 
with ANFO cartridges once the hole has been dewa tered. 

The packaging of ANFO is done with simple equip¬ 
ment consisting in a hopper, a one meter long tube, a feed 
auger and a piston system that works with pressurized air 
to achieve the required charge density that can reach 1.1 
g/cm 3 . The yield is around 3 cartridges per minute. 

15.2.3 Slurry and emulsion-type explosives 

Pump trucks for slurries and emulsions. These trucks are 
used for pumping explosives such as slurries and emul¬ 
sions, and mixtures of emulsions with ANFO, whenever 
the solid phase of these mixtures is not more than 35%, 
because then the product would no longer be pumpable. 

The physical consistency of these blasting agents is so 
high that for their pumping the injection of a liquid 
lubricant along the inside wall of the loading hose is 
usually necessary to reduce friction and facilitate easy, 
rapid pumping. It is important to use the lowest feasible 
amount of lubricant, and that it contribute to enhancing 
the effective explosion energy whenever possible. 

IMix-pump trucks. A mix-pump truck is a mobile plant in 


which the products are continuously mixed and are 
pumped directly into the blastholes through a flexible 
hose. This system is quite versatil, as it allows variation in 
the compositions before charging begins. The vehicles 
have a capacity of between 5 and 151 and are designed to 
produce at least two types of explosives, one for bottom 
charging and one for the column charge. 

These mobile plants are very safe as the ingredients 
they carry are not explosive alone and they are mixed 
only instants before charging. On the other hand, quality 
control is more difficult than with pump trucks. 

a) Slurry mix-pump truck 

These trucks transport the following ingredients: 

-Ahet-solutionof-ammoniumnitrater withorwithout- 

oxidizers such as sodium nitrate, calcium nitrate, etc.. 
thickened by gums. This solution is prepared at a static 
plant near the minesite. 

- Ammonium nitrate in pourous prill form (optional). 

- Liquid fuel-oil or a mixture of solid fuels that are 
called pre-mixes, with a percentage of aluminum as high 
as the required weight strength of the watergel. 

- A cross-linking solution and a gassing agent. 

The ingredients are put into the truck’s mixing funnel 
from which they pumped into the blasthole through a 
flexible hose. 

The charging rates vary between 80 and 350 kg/min. 

Thickening and cross-linking starts as soon as the 
products are mixed so that the watergel is highly viscous 
by the time it enters the blasthole. 

The gelling can be controlled by adjusting the cross- 
linking solution. 

When the gelling ocurrs too rapidly, pumping 
difficulties appear, whereas if the gelling time is too long 
the slurry can become diluted or even dissolved before its 
viscosity permits it to resist the effect of the water present 
in the blastholes. The loading hose operator should be 
certain that there is a minimum agitation ot the explosive 



Photo 15.6. Static plant and pump truck (Nitro Nobel). 
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when it enters into contact with the water. 

The proportion of gassing agent should be adjusted to 
give the slurry the required sensitivity and bulk strength. 
If the gassing is insufficient, a density in the botton of the 
column will be produced, reducing die optimum yield of 
the explosive. On the other hand, excessive gassing can 
reduce the density of the explosive making it float in the 
water. The flow of gassing solution can be controlled and 
can give slurries with a wide range of densities. This 
possibility is the basis of the technique called Powerdeck¬ 
ing. 

b) Mix-pump trucks for charging emulsions and mixtures 
of emulsion/dry phase 

In this type of trucks, a continuous mixture of a saturated 
solution of oxidizers is produced, with an oil phase and 
some other ingredients in small amounts. The resulting 
product is pumped into the blasthole. 

If a dry phase such as ANFO or ammonium nitrate 
prills are added to the mixture, it is important to ensure 
that the emulsion produced does not lose its pumpable 
qualities. 

Pump trucks. When pum p trucks are used, the b lasting 
agent is previously manufactured in a static plant near or 
on the minesite. 

The advantages of this system are: 

- The static plant can be located in the center of the 
various points of consumption, supplying the slurry or the 
emulsion in several trucks, and 

- The product is of higher quality than that produced 
in the mix truck. 

Underground charging of slurried and emulsions 
Loading blastholes in underground operations has differ¬ 
ent methods, depending upon the type of work at hand: 


Drift driving. The motor-pump system used is custo¬ 
marily mounted on a small size vehicle that sometimes 
has a hydraulically powered man basket enabling the 
blaster to have access to the back holes, operating the 
pump with remote control. 

The most popular types of pumps are those of dia¬ 
phragm and those with auger which aspirates the explos¬ 
ive from the tanks which have a capacity of up to 500 kg 
and load it with a pressure of about 0.5 MPa, Photo 15.7. 

The loading hoses are semi-conductive to eliminate 
static electricity and are introduced into the blastholes up 
to about 20 cm from the bottom, then pumping the 
explosive which gradually pushes the hose out of the hole 
until the desired charge height is reached. Initiation is 
usually achieved with a primer cartridge and an electric 
blasting cap, previously placed in the bottom of the hole. 

The flow rates are comparable to those obtained with 
ANFO pneumatic chargers. Depending upon the pump 
speed, a 3 meter long blasthole with 41 mm in diameter 
can be charged in 6 to 10 seconds. 



Photo 15.7. Charging equipment for development headings. 
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Photo 15.8. Pneumatic pump (Bill Lane Inc.).' 



Fig. 15.10. Pumping equipment for loading explosives in shaft sink¬ 
ing. 



Fig. 15.11. Wooden plug with anti-return check valve. 


Shaft sinking. Pressurized vessels are used, similar to 
those used with bulk ANFO. The discharge of the explos¬ 
ive through a main hose of 45 mm, reaches a flow rate of 
77 kg/min, that is at the same time divided into 5 flexible 
hoses of 17 mm diameter which permits the loading of 
blastholes in a very short time, Fig. 15.10. 

Production blasts. In production blasts with large diame¬ 
ter blastholes, more than 125 mm, there are two different 
charging situations: upholes and downholes. 

a) Downholes. They are used in the operational meth¬ 
ods of inverted craters and in levelling with long blast- 
holes. Charging is carried out very easily because the 
explosive is pumped and descends by gravity to the 

desi gn and a low profil e to facilitateJheJransport-Qf-the_ 
explosive from the surface as well as in the mines. The 
exchangeable tanks of explosive are made of stainless 
steel with capacities of close to 2.000 kg. The pump, hose 
and the inclination hinge of the tank are hydraulically 
powered. 

b) Upholes. The charging of upholes with blasting 
agents such a slurries and emulsions is even more 
difficult than with ANFO, as it is first necessary to apply a 
borehole plug to keep the explosive from falling out and, 
secondly, the product must have an adequate consistency 
for pumping. The latter seems to have been solved for 
emulsions by cooling. 

As to plugs, there are various systems used. The first 
ones used a wooden plug with an interior tube that had a 
check valve with abrass anti-return ball, Fig. 15.11. 

Plastic tubes have also been used to make up the 
explosive columns, and wooden plugs with holes that 
allowed the charge tubes to pass, Fig. 15.12. 

More recently, a polyurethane foam uphole plug has 
been used, developed by C-I-L, Fig. 15.13. 

And lastly, with repumpable emulsions, in which their 
viscosities can be adjusted to the work conditions by 
selection of surfactants, type of fuel and particle sizing. 



BOOSTER 

DETONATING CORD 
EMULSION EXPLOSIVE 


SAND 




8 


m i 


-t_ SPLIT WOODEN 
_ WEDGE 

imasaiiaaaiaia&ua.uauaua .aaaaiau 


Fig. 15.12. Tubed charging with wooden plug. 
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inflatable lances have been tried with success. These 
devices have two inches of flexible hose with a rigid tube 
on one end, upon which an inflatable rubber bladder is 
mounted and inflated by pressurized air, Fig. 15.14. 

The advantages of this system are its simplicity and 
low cost. It is quick and efficient, having been success¬ 
fully tried in blastholes of up to 115 mm in diameter. 


15.3 BLASTHOLE DEWATERING SYSTEMS 

The dewatering of blastholes widens the field of applica¬ 
tion of bulk ANFO to those cases where the rock masses 
are saturated or currents, owing to rain, fill the blastholes 
with water; and also, when charging, the volume of hole 
4riUed4s-used-te-better-adwantag&- 

The most used systems are classified as: 

- Air operated pumps and, 

- Submergible impellent pumps. 

The first are applied to small and medium diameter (63 
to 172 mm) blastholes with a maximum bench height of 
about 15 meters. Pressurized air supplied by compressors 
of the drilling rigs is used, which is introduced into the 
blastholes through a flexible plastic hose. 

In some equipment, Fig. 15.15, the pushing effect is 
achieved when the obturator or plastic closing sleeve 
expands when the air pass through. 

The pumping rates are approximately 50 to 801/min. 

The second dewatering system has a submergible im¬ 
pellent pump and a reel for the hose. The unit can be 
installed on a jeep-type vehicle or on the back of an 
ANFO charge truck. The reel and pump are hydraulically 
driven and the hydraulic fluid tubes of the latter are joined 
inside the water hose, enabling the whole ensemble to be 
lowered into the blasthole at a speed of approximately 1 
m/s. 

To avoid stoppage produced by coarse waste material, 
the pump should by placed at a few centimeters from the 
bottom. \ 

Once the dewatering of the blastholes is finished, the 
mechanism of the drum wheel reverses to clean it of sand 
and waste that might have entered. 

These units can dewater blastholes in a few seconds, 



Photo. 15.9. Hydraulic dewatering pump (Swanson Eng. Inc.) 
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Fig. 15.13. Polyurethane foam uphole plug. 



Fig. 15.14. Charging of a repumpable emulsion in an uphole with an 
inflatable lance. 
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Fig. 15.15. Pneumatic pump. 
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Table 15.2. 


Total elevation height (m) 

Flow (l/min) 



Diameter 80 mm, Sist. Hid = 17 
Ipm, 11 MPa 

Diameter 136 mm, Sist. Hid. = 23 
1pm, 13 MPa 

Diameter 187 mm, Sist. Hid. = 38 
1pm, 13 MPa 

7 

246 

472 

1134 

15 

189 

340 

945 

22 

151 

227 

756 

30 

113 

151 

567 

37 

76 

113 

378 


Table 15.3. 


Blasthole diameters 
(mm) 

Nominal diameter of plastic liner 
(mm) 

152 

166 

200 

216 

229 

248 

2 *>I 

074 

270 

293 

279 

299 

311 

337 

381 

407 


owing to the strong pumping rates, Table 15.2, permitting 
use of the plastic sleeves and charging before the water 
enters again. 

The type of plastic used should be flexible and resistant 
so that it will not tear when in contact with the rock, 
recommending that it be of600 to 1.000 gage, depending 
upon each case. 

The liners or plastic sleeves, which contain the bulk 
explosive, should have a diameter that is slightly more 
than that of the holes, Table 15.3, so that the volume of 
rock drilled can be used to maximum advantage and 
achieve a good adaptation of the charge. 
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CHAPTER 16 


Mechanisms of rock breakage 


16.1 INTRODUCTION 

-B uring the detonat i on of an expl o siv e charge inside rock, 
Jh£_&ojqditiQns_presented are chara cterized by two phases 
of action: 

1st. phase. A strong impact is produced by the shock 
wave linked to the Strain Energy, during a short period of 
time. 

2nd. phase. The gases produced behind the detonation 
front come into action, at high temperature and pressure, 
carrying the Thermodynamic or Bubble Energy. 

Since the decade of the fifties, many theories have been 
developed to explain the behavior of rocks under the 
effect of an explosion; even nowadays it still remains a 
problem to be solved and defined in the technology of 
application of explosives to breakage. Without entering 
into detail, the different mechanisms of rock breakage 
that have been identified in blasting up to now are ex¬ 
posed in the following paragraphs. 


16.2 ROCK BREAKAGE MECHANISMS 

In the fragmentation of rocks with explosives at least 
eight breakage mechanisms are involved, with more or 
less responsability, but they all exert influence upon the 
results of the blastings. 

16.2.1 Crushing of rock 

In the first instants of detonation, the pressure in front of 
the strain wave, which expands in cylindrical form, 
reaches values that well exceed the dynamic compressive 
strength of the rock, provoking the destruction of its 
intercrystalline and intergranular structure. _1 

The thickness of the so called crushed zone increases 
with detonation pressure of the explosive and with the 
coupling between the charge and the blasthole wall. 
According to Duvall and Atchison (1957), with high 
strength explosives in porous rocks it might reach a radius 
of up to 8 D, but it is normally between 2 and 4 D. 

In Fig. 16.1. the variations in compressive stresses 
generated by two fully-coupled charges are shown. The 
crushing of the rock is produced at a pressure of 4 GPa, so 
the curve of the explosive (A) which produces a tension 
of 7 GPa on the blasthole wall has a very sharp decrease in 
peak stress due to the large increase in surface area during 
the pulverization of the rock. As explosive (B) does not 


increase the surface area by crushing, it has a slower rate 
of stress decay than (A). 

— According to Hagan (1977), this breakage mechanism 
consumes almost 30% of the energy transported by the 
strain wave, only contributing a very small volume to the 
actual rock fragmentation, around 0.1% of the total vo¬ 
lume corresponding to the normal breakage per blasthole. 
Therefore, there is no incentive to use high explosives 
that generate high stresses on the blasthole walls: which 
would even make it advisable to decouple the charges and 
increase EB in detriment of ET. 

16.2.2 Radial fracturing 

During propagation of the strain wave, the rock surround¬ 
ing the blasthole is subjected to an intense radial com¬ 
pression which induces tensile components in the tangen¬ 
tial planes of the wave front. When the tangential strains 
exceed the dynamic tensile strength of the rock, the 
formation of a dense area of radial cracks around the 
crushed zone that surrounds the blasthole is initiated, Fig. 
16.2. 

The number and length of these radial cracks increase 
with: 

1. The intensity of the strain wave on the blasthole wall 
or on the exterior limit of the crushed zone, and 

2. The decrease in dynamic tensile strength of the rock 
and the attenuation of the Strain Energy. 

Beyond this inner zone of intense fracturing, some of 
the cracks extend noticeably and are symmetrically distri¬ 
buted around the blasthole. The propagation velocity of 
the cracks is from 0.15 to 0.40 times that of the strain 
wave, although the first microcracks are developed in a 
very short time, around 2 ms. 

When the rock has natural fractures, the extension of 
the cracks is closely related to these. If the explosive 
columns are intersected lengthwise by a pre-existing 
crack, these will open with the effect of the strain wave 
and the development of radial cracks in other directions 
will be limited. The natural fractures that are parallel to 
the blastholes, but at some distance from them, will 
interrupt the propagation of the radial cracks, Fig. 16.3. 

16.2.3 Reflection breakage or spalling 

When the strain wave reaches a free surface two waves 
are generated, a tensile wave and a shear wave. This 
occurs when the radial cracks have not propagated farther 
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Fig. 16.1. Variation of peak compressive stress with distance from 
bUisthote wail (Hagan). 




PREMATURELY AT JOINT 

Fig. 16.3. Radial fracturing and breakage through reflection of the 
strain wave. 



Fig. 16.4. Reflection of a wave upon a cylindrical cavity. 


strengths of the rock reach values that are between 5 and 
15% of the compressive strengths. 

The front of the reflected wave is more convex than 
that of the incident wave, which means that the dispersion 
index of the tensile wave energy is much larger when the 
surface is cylindrical, such as that of the central blasthole 
of a cut instead of when there is a plane as in bench 
blasting, Fig. 16.4. 

This mechanism does not contribute much to the 
global fragmentation process, estimating that eight times 
more explosive charge would be necessary if rock were to 
be fragmented solely by reflected waves. However, in the 
inner discontinuities of the rock mass which are close to 
the charge, less than 15 D, and are not infilled with 
meteorized material, the effect of the reflected waves is 
more important due to the difference in impedances. 

When excavating inclined ramps or shafts by blasting, 
it must be checked that the empty blastholes are not be 
filled with water in order to achieve the benefits of this 
mechanism of breakage. 


16.2.4 Gas extension fractures _ 

After the strain wave passes, the pressure of the gases 
cause a quasi-static stress field around the blasthole. 
During or after the formation of radial cracks by the 
tangential tensile component of the wave, the gases start 
to expand and penetrate into the fractures. The radial 
cracks are prolonged under the influence of the stress 
concentrations at their tips. The number and length of the 
opened and developed cracks strongly depend upon the 
pressure of the gases, and a premature escape of these due 
to insufficient stemming or by the presence of a plane of 
weakness in the free face could lead to a lower perfor¬ 
mance of the explosive energy. 


than one third the distance between the charge and the 
free face. Although the relative magnitud of the energies 
associated with the two waves depends upon the incident 
angle of the compressive strain wave, the fracturing is 
usually caused by the reflected tensile wave. If the tensile 
wave is strong enough to exceed the dynamic strength of 
the rock, the phenomenon known as spalling will come 
about, back towards the interior of the rock. The tensile 


16.2.5 Fracturing by release-of-load 

Before the strain wave reaches the free face, the total 
energy transferred to the rock by initial compression 
varies between 60 and 70% of the blast energy (Cook et 
al. 1966). After the compressive wave has passed, a state 
of quasi-static equilibrium is produced, followed by a 
subsequent fall of pressure in the blasthole as the gases 
escape through the stemming, through the radial cracks 
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Fig. 16.5. Separation of layers of com¬ 
pressible medium by release-of-load. 


and with rock displacement. The stored Stress Energy is 
rapidly released, generating an initiation of tensile and 
shear fractures in the rock mass. This affects a large 
volume of rock, not only in front of the blastholes but 
behind the line of the blast cut as well, having registered 
damages in up to dozens of meters away, Fig. 16.5. 


16.2.6 Fracturing along boundaries of modulus contrast 
of shear fracturing 

In sedimentary rock formations when the bedding planes, 
joints etc., have different elasticity modulus or geo¬ 
mechanic parameters, breakage is produced in the separa¬ 
tion planes when the strain wave passes through because 
of the strain differential in these points, Fig. 16.6. 


16.2.7 Breakage by flexion 

During and after the mechanisms of radial fracturing and 
spalling, the pressure applied by the explosion gases upon 
the material in front of the explosive column makes the 
rock act like a beam embedded in the bottom of the 
blasthole and in the stemming area, producing the defor¬ 
mation and fracturing of the same buy the phenomena of 
flexion, Fig. 16.7. 


16.2.8 Fracture by in-flight collisions 

The rock fragments created by t he previous mechanisms 
and accelerated by the gases are projected towards the 
free face, colliding with each,other and thereby producing 
additional fragmentation which has been demonstrated 
by ultra-speed photographs (Hino, 1959;Petkof, 1969). 


16.3 TRANSMISSION OF THE STRAIN WAVE 
THROUGH THE ROCK MASS 


As shown beforehand, th e Detonation Pressure can be 
expressed by the following simplified equation: 


PD = 


p e x VD 2 
4 


where: PD = Detonation pressure (kPa), p e = Explosive 
density (g/cm 3 ), VD = Detonation velocity (m/s). 

The maximum Pressure Transmitted to the rock is the 
equivalent of: 


PT = 

m 


1 +n. 


where n z is the relationship between the impedance of the 
explosive and that of the rock: 


p e x VD 

n= - 

p r x VC 

where: VC - Propagation v elocity-of_the_waves through 

rock mass (m/s). P r = Rock density (g/cm 3 ). _ 

This means that the explosive wave is better tran¬ 
smitted to the rock when the impedance of the explosive 
is close to that of the rock, given that n z will tend towards 
1, while PT will simultaneously tend towards PD. The 
pressure of the wave inside the rock decreases with the 
law of exponentials, so the radial stress generated at a 
determined distance will be: 


o, = PB x 



where: a = Radial compressive stress, PB = Pressure on 
the blasthole wall, r b - Radius of the blasthole, DS = 
Distance from the center of the blasthole to the point in 
study, x = Exponent of the law of absorption which, for 
cylindrical charges is near 2. 

If the wave encounters diverse material in its path, with 
different impedances and in correspondance with sepa¬ 
rating surfaces that can be in contact or separated by air or 
water, the transmission of the strain wave will be gov¬ 
erned by the ratios of the acoustic impedances of the 
"different types ofrcck, where part of the wave energy-is 
transferred in the material and at the same time some is 
reflected back, as a function of the ratio. 

When the impedances of the mediums are equal 
(Pr2 x VC 2 = P >1 x vc 0' a lar § e of the energy will 
be transmitted and the rest will be reflected, arriving at the 
limit when (p r2 x VC 2 « p rl x VC,) as for example, 
between rock and air, where almost all of the energy will 
be reflected back as a tensile wave which could be 
especially impo rtant i n the breakage of the rock. 

The abovementioned is valid for the wave pressures as 
well as for the transmitted energies. If the ratio of charac¬ 
teristic impedances for the two materials is: 


Prl x VCi 
Pr2 X VC 2 


the following will be obtained: 


PD 
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Fig. 16.6. Shear Fracturing (Hagan). 



Fig. 16.7. Mechanism of breakage by flexion. 



PI 

PT= 2- 

(1 + n\) 


PR = PI -£■ 

(1 + n z ) 

where: PI = Pressure of the incident wave, PT = Pressure 
of the transmitted wave, PR = Pressure of the reflected 
wave. 


16.4 ENERGETIC YIELD OF THE BLASTINGS 


The^eiformanceofexplosivesupontheroeks-isrthere- 

neously in a few miliseconds, associated with the effects 
of the strain wave which transports the Stress Energy, and 
with the effects of the explosion gases or Bubble Energy, 
Fig. 16.8. 

The total energy developed by the explosive and mea¬ 
sured by the method proposed by Cole can thus be 
expressed as the sum of these two components. 

ETD = ET + EB 


where: 


ET = 


£t 

Q 


P 1 x dt (cal/g) 


^ x 7/ (cal/g) 

The estimates carried out by Hagan (1977) have dem¬ 
onstrated that only a 15% of the total energy generated in 
the blasting is used as a working tool in the mechanisms 
of rock fragmentation and displacement. 

Rascheff ancFGoemans (1977) have established a 
model that theoretically distributes the energy, as repre¬ 
sented in Fig. 16.9, from tests made upon cubic blocks of 
rock placed underwater in swimming pools. These inve¬ 
stigators assure that approximately 53% of the explosive 
energy is associated with the strain wave. This value 
depends upon the conditions of the experiment and very 
different results can be found that go from 5 to 50% of the 
total energy, depending upon the various types of rock 
that ar e to be f ra g me nted and th e e x plosives u s ed ._ 

Therefore, in hard rock the Strain Energy of a breaking 
explosive is more important in fragmentation than the 
Bubble Energy, and the contrary is true for soft, porous or 
fissured rocks and in low density explosives. 

From the tests carried out by Rascheff and Geomans, 
Table 16.1 summarizes the energy distribution of the 
strain wave. 

It can be observed that in conventional bench blastings 
a large part of the strain wave energy is transformed into 
seismic energy which causes ground vibrations to which 
some of the gas energy must be added. 

The data exposed are quite in accordance with that 


Photo 16.1. Rock breakage by flexion. 
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Fig. 16.8. Summary of the breakage mechanisms. 
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Fig. 16.9. Distribution model of the explosive energy in a blast. 



Fig. 16.10. Pressure/volume diagram of explosion product gases showing partition of 
energy in blasting. 














Mechanisms of rock breakage 


159 


Table 16.1. Distribution of shock wave energy. 



Granite block 
with infinite 
confinement 

Conventional 
bench blast¬ 
ing of granite 

Granite block 
submerged in 
water 

Pulverization 

15% 

15% 

15% 

Primary radial cracking 

3% 

3% 

2 % 

Crack extension 

0 % 

16% 

39% 

Energy transmitted 

82% 

34% 

22 % 

Useful energy 

18% 

34% 

56% 


Table 16.2 

Zone 

Energy 

1 

Kinetic component of shock energy 

2 

Strain component of shock energy 

1 +2 

Brissance energy 

3 + 4 

Energy released during crack propagation 

2 + 3 

Fragmentation energy 

4 

Strain energy in burden at time gases escape 

1+2+3+4 

Blast energy 

5 

Heave energy 

1+2+3+4+S 

Total available energy or absolute strength value 


obtained by other investigators such as Mancini and 
Occella. 

It~shouTd~not~be~forgotten~that,~m~order to obtain - 
op timum results-in-the-blastittgvit-is-nQt^>nly-necessary- 
to fragment the rock but also to cause swelling and 
displace it a determined distance. For this reason, in the 
latter stages the gases also play a decisive role. 

Lowends’ used a simplified model of explosive/rock 
interaction to describe the partition of explosive energy in 
the process of rock blasting. The energy is partitioned 
into different zones that are related to the pressure/ 
volume expansion of the gases during the different 
phases of blasting. An illustration of this partition of 
energy is given in Fig. 16.10. 

The energies associated with the different zones given 
in the figure are, as follows: 

When the explosive detonates in the blasthole, the high 
pressure gases at the initial or explosion state P3 send a 
shock wave into the rock. The strains from this shock 
near the blasthole are greater than the dynamic compress¬ 
ive and shear strength of the rock. They cause varying 
amounts of rock compression and crushing in the sur¬ 
rounding area of the blasthole depending upon the 
strength and stiffness of the rock. With rock compression 
and crushing the volume of the blasthole increases and 
the pressure decreases until the strain in the rock balances 
the pressure. This is shown as,P4 on the pressure/volume 
curve of Figure 16.10, and is called blasthole equilibrium 
state. During the expansion, the work being done by the 
explosive is called brissance energy and consists of the 
strain energy stored in the rock (Zone 2) and the kinetic 
energy of the shock wave (Zone 1). The kinetic shock 
energy is essentially lost as useful work during the blast¬ 
ing process and appears as crushed rock surrounding the 
blasthole and as seismic waves propagated into the 
ground. 

The strains in the rock coming from the residual blast- 
hole pressure P4 cause fracture. The explosion product 
gases enter at least the cracks existing between the hole 
and the free face, resulting in fragmentation and possibly 
contributing to the heave. When the gases reach the free 
face through the burden, the process ends more or less 
abruptly. The pressure of the gases at escape is shown at 
P5 in Figure 16.10. During escape, the burden is com¬ 


pressed by the gas in the cracks with a strain energy 
stored in the rock (Zone 4). This energy has little 
influen ce on f r agme ntation and heave.- 

The energy from Zones 2 and 3 is the most useful in 
rock blasting and is called Fragmentation Energy. 

At the time of escape, some of the energy in the gases 
(Zone 5) moves the burden and represents heave energy. 
The rest of this energy is lost as heat and noise in the 
escaping gases. 

Although this model of energy partition over¬ 
simplifies the blasting process, it gives valuable insight 
into where the energy goes during the various phases of 
the process. It also provides approximate comparisons of 
the magnitude of the energy fractions used in the various 
phases of the blasting process as the explosive gases 
expand from the initial pressure in the blasthole to atmos¬ 
pheric pressure. Not all of the available energy is useful in 
fragmentation and heave. It may be possible to improve 
the efficiency of the blasting process by using explosives, 
whether ideal or not, that are designed to keep energy 
losses at a minimum. 
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CHAPTER 17 


Rock and rock mass properties and their influence on the results of blasting 


17.1 INTRODUCTION 


The materials ol which rock masses are made possess 


Persson et al., 1970) arriving at values that are between 5 
and 13 times more than the static. 

When the intensity of th e s tr ess wav eis higher t h an th e 


origin and of the posterior geological processes which 
have affected them. The whole of these phenomena make 
up a certain environment, a particular lithology with 
heterogeneities caused by the added polycrystalline min¬ 
erals and by the discontinuities of the rock matrix (pores 
and fissures): and by a geological structure in a character¬ 
istic state of stress, with a large number of structural 
discontinuities such as bedding planes, fractures, dia¬ 
bases, joints, etc. 

17.2 ROCK PROPERTIES 
17.2.1 Density 


surrounding the blasthole wall is produced by collapse of 
the intercrystalline structure. However, this excessive 
crushing does little to aid in fragmentation and gravely 
reduces the strain wave energy. 

Therefore the following is recommended: 

- Explosives that develop blasthole wall strain energy 
that is lower than or equal to RC must be chosen. 

- Provoke a variation in the Pressure-Time curve (P - 
t) by decoupling the charge in the blasthole. 

These points are of maximum importance in perimeter 
or contour blastings. 

The powder factors required in bench blastings can be 
correlated with the compressive strength, as indicated in 
Table 17.1 (Kutuzov, 1979). 


The densities and strengths of rocks are normally quite 
well correlated. In general, low density rocks are de¬ 
formed and broken quite easily, requiring relatively low 
energy factors, whereas dense rocks need a higher quant¬ 
ity of energy to achieve a satisfactory fragmentation, as 
well as a good displacement and swelling. _ 

In high density rocks, the following measures should 
be taken to ensure adequate hejavy energy: 

- Increase the drilling diameter in order to elevate the 
blasthole pressure, PB = kx VD 2 , where VD is the deto¬ 
nating velocity of the explosive. 

- Reduce the pattern and modify the initiation se¬ 
quence. 

- Improve the effectivity of the stemming to increase 
the time of gas performance and make certain that they 
escape through the free face instead of through the stem¬ 
ming. 

- Use explosives with high bubble energy EB. 

17.2.2 The dynamic strengths of the rocks 

The static compressive RC and tensile RT strengths are 
initially used as indicative parameters of the suitability of 
the rock for blasting. The Index of Blastability was 
defined (Hino, 1959) as the relationship ‘RC/RT’, the 
larger the value, the easier the fragmentation. 

The rational treatment of the existing problems require 
taking into consideration the dynamic strengths, as these 
increase with the index of the charge (Rinehart, 1958: 


17.2.3 Porosity 

There are two types of porosity: intergranular or forma- 
tional, and that of disolution or post-formation. 

The first, which has a uniform distribution in the rock 
mass, provokes two effects: _ 

- Attenuation of the strain wave energy. 

- Reduction of the dynamic compressive strength and, 
consequently, an increase in crushing and percentage of 
fines. 

The fragmentation of very porous rocks is carried out, 
almost exclusively, by bubble energy, so the following 
recommendations should be observed: 

- Use explosives with a high EBIET ratio, such as 
ANFO. 

- Tnr.rp.ase. F.R at the cost of ET by decoupling the 
charges and the initiation systems. 

- Maintain the explosion gases at high pressure with 
an adequate stemming height and type. 

- Maintain the burden equal for each hole by using 
various free faces. 

The post-formation porosity is caused by spaces and 
cavities that result from the disolving of the rock material 
by underground water (karstification). The empty spaces 
are much larger and their distribution is much less uni¬ 
form than in the intergranular porosity. 

In rock of volcanic origin it is also frequent to find a 
large number of cavities formed during its consolidation. 

The cavities that are intersected by blastholes not only 
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Table 17.1. Rock classification according to their facility of fragmentation by explosives in open pit mines. 


Powder factor 

Class limit (kg/m 1 ) 

Average value (kg/m 3 ) 

Mean distance between natural 
fractures in rock mass (m) 

Uniaxial compressive rock 
strength (MPa) 

Rock density (t/m 3 ) 

0.12-0.18 

0.150 

< 0.10 

10-30 

1.40-1.80 

0.18-0.27 

0.225 

0.10-0.25 

20-45 

1.75-2.35 

0.27-0.38 

0.320 

0.20-0.50 

30-65 

2.25-2.55 

0.38-0.52 

0.450 

0.45-0.75 

50-90 

2.50-2.80 

0.52-0.68 

0.600 

0.70-1.00 

70-120 

2.75-2.90 

0 .68-0.88 

0.780 

0.95-1.25 

110-160 

2.85-3.00 

0 .88-1.10 

0.990 

1.20-1.50 

145-205 

2.95-3.20 

1.10-1.37 

1.235 

1.45-1.70 

195-250 

3.15-3.40 

1.37-1.68 

1.525 

1.65-1.90 

235-300 

3.35-3.60 

1.68-2.03 

1.855 

> 1.85 

> 285 

> 3.55 


h i nde r drilling - by loss of drill steel and obstruction, but 


packed or pumpable explosives are used, Fig. 17.1. 

If the boreholes do not intersect the cavities, the yield 
of the blast also descends because: 

- The propagation of radial cracks is interrupted by 
the cavities. 

- The rapid fall in pressure of the gases as the blast- 
holes intercommunicate with the cavities, halting the 
opening of the radial cracks, while the gases escape 
towards the empty spaces. 


17.2.4 Internal friction 

As the rocks do not form an elastic media, part of the 
strain wave energy that propagates through them is con¬ 
verted to heat by diverse mechanisms. These mechan¬ 
isms are known as internal friction or specific damping 
capacity, SDC, which measure the ability of the rock to 
attenuate strain waves generated by the detonation of the 
explosive. SDC varies considerably with the type of rock: 
from values of 0.02-0.06 for granites (Windes, 1950; 
Blair, 1956) up to 0.07-0.33 for sandstones. SDC 


increases with porosity, permeabillity, joints and water 
content of the rock. It also increases considerably with the 
meteorized levels in function with their thickness and 
weathering. 

The intensity of the fracturation by the strain wave 
increases as the SDC decreases. Therefore, watergel type 
explosives are more effective in hard and crystalline 
formations than in soft and decomposed materials (Cook, 
1961; Lang, 1966). On the other hand, in the latter, ANFO 
is 

lower. 


17.2.5 Conductivity 

The leakage or shunting of electrical current can occur 
when the detonators are placed in blastholes that are in 
rock of certain conductivity, such as complex sulfides, 
magnetites, etc., especially when the rocks are abrasive 
and water is present near the round. The measures that 
should be taken to avoid these problems are: 

- Check that the cables of the detonators are well 
enclosed in plastic and, 

- That all the connections of the circuit are well insu- 


lated and protected. It is recommended that rapid con- 

necters-be-used- 

The failure of one of the detonators could considerably 
affect the results of the blast. 


17.2.6 The composition of the rock and the secondary 
dust explosions 

The secondary dust explosions usually occur in coal 
mines and in highly pyritic areas such as underground 
metal mines, and are more frequent each day due to the 
use of large diameter blastholes. 

The first charges fired create, on one hand, a high 
quantity of fines which are thrown into the atmosphere 
and, on the other, agitate the dust deposited on the side- 
walls and roof of the excavation with the airblast and 
vibrations. If the energy of the gases from the last charges 
is sufficiently high, it could ignite the concentrated dust 
causing secondary explosions with devastating effects 
upon the ventilation installations, doors, mobile equip¬ 
ment, etc. 

The probability of secondary explosions can be 
reduc ed b y taking some of the following steps: _ 

- Eliminate the use of aluminized explosives since the 
particles of A1 2 0 3 at high temperatures in the detonation 
products are potential ignition centers. 

- Select an explosive and blasthole geometry for bum 
cuts which produce coarse material. 

- Stem all blastholes with sand, clay plugs or water. 

- Create a cloud of limestone or another inhibitor in 
front of the face by exploding a bag of said material with a 
detonator fired some miliseconds before the blast. 

- Wash the walls and floors of the excavation fre¬ 
quently to remove the deposited dust. 

- Fire the blasts after evacuating all personnel from 
the mine. 

17.3 PROPERTIES OF THE ROCK MASS 
17.3.1 Lithology 

The blasts in zones where an abrupt lithological change is 
produced, for example in waste and ore and, in conse¬ 
quence, a variation in the strength of the rocks, the design 
must be reconsidered. One of the two following methods 
could be used: 
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Fig. 17.1. Correct use of a bulk explosive charge in ground with large 
cavities. 


RELAY 


DETONATING CORD 



Fig. 17.2. Recommended change in blasthole pattern of V type blast at 
contact between waste and ore. 



Photo 17.1. Blocks with columnar geometry in basaltic formations. 


STRONG UNFISSURED SOFT, PLASTIC ACTING MATERIAL 

BOULDERS OF LIMESTONE (SOIL. GRAVEL, CLAY) 



Photo 17.2. Intensely jointed limestone rock mass. 



Fig. 17.3. Typical cases of lithological changes with contact between 
competent rocks and plastic materials (Hagan). 


a) Equal patterns for both typ es of rock and a variation 
in the unitary charges. 

b) Different patterns with equal charges per hole. This 
placement is usually adopted maintaining equal burden. 
Fig. 17.2, as the introduction of a different S x B pattern 
for each zone would entail a more complex drilling and 
the newly created face may be stepped. 

The semi-horizontal stratiform beds presented by 
some very resistant layers may lead to a peculiar type of 
blastings in which the charges are placed in the blastholes 
and completely confined at these levels. It is also recom¬ 
mended that the primers of the explosive columns coin¬ 
cide with the strongest levels in order to obtain maximum 
effect from the strain energy. 
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Table 17.2. 


Absorption of strain wave 
energy by joints 

Joint width (mm) 

Nature of joints 

1. Small (< 20%) 

(A) 0 

(B) 0-4.0 

(A) Tightly stacked 

(B) Cemented with material of acoustic impedance close to that of the main rock 

2. Slight (20-40%) 

(A) Up to 0.5 

(B) Up to 4.0 

(A) Open joints fil led with air or water 

(B) Cemented with material of acoustic impedance 1.5-2 times less than that of main rock 

3. Medium (40-80%) 

0.5-1.0 

Open joints filled with air or water 

4. Large (> 80%) 

(A) 0.1-1.0 

(B) 1.0 

(A) Joints filled with loose and porous material 

(B) Open joints filled with loose, porous material, air and water 


When two materials of very different strengths come 
into contact as, for example, a competent limestone with 
very plastic clays and, if the blastholes pass through these 


Table 17.3. Possible combinations of spacing between blastholes (S), 

joints (J), and maximum admissable block size (M). _ 

i of 


Case J „:S 




S:M 


formations, a great loss of energy associated with a drop 

prCooUTt aJILi Uota|JC VJI gaoCo Will appCal, [;IUUUtlIlg d. 

rapid deformation of soft material and, as a consequence, 
poor fragmentation, Fig. 17.3. 

In order to increase the yield of the blasts in these 
cases, the following is recommended: 

- Stem with adequate material the zones of the blast- 
holes that are in contact with or near plastic material. 

- Use explosive charges that are totally coupled to the 
competent rock with a high detonation velocity and £77 
EB relationship. 

- Place the primers in the middle of the hard rock to 
increase the resulting strain wave that acts upon both 
sides. 

- Avoid premature escape of gases to the atmosphere 
insuring that both the stemming height (at least 20 D) and 
the size of the burden are correct at the top of the 
blastholes. 

17.3.2 Pre-existing fractures 

All rocks in nature have some type of discontinuity, 

which decis iv ely 


Fragmentation 
sensitive to 
specific charge 


boulders - 


1 

2 

3 

4 

5 

6 


J s >S 

J ,> S 

h> s 

K< s 

J. <s 


J > M 
J* > M 
J < M 
J* > M 
J < M 
J <M 


S > M 
S < M 
S < M 
S > M 
S < M 
S > M 


Yes 

Yes 

Yes 

No 

No 

No 


Medium 

Low 

Low 

High 

Low 

Low 


OVERBREAK ZONE 



Fig. 17.4. Excessive toe burden caused by structurally controlled 
backbreak zone and face angle. 


influence the physical and mechanical properties of the 
rocks and, consequently, the blasting results. Photos 17.1 
and 17.2. 

The areas of discontinuity can be varied: bedding 
planes, planes of lamination and primary foliation, planes 
of schistose and slate, fractures and joints. 

The discontinuities can be tight, open or filled and, for 
this reason, can exhibit different degrees of explosive 
energy transmission. Table 17.2. The walls of these dis¬ 
continuities are^ 


waves may be reflected, suffering attenuation and disper¬ 
sion. 

The fragmentation is influenced by the spacing be¬ 
tween blastholes 5, the separation between joints J and 
the maximum admissible block size M. In Table 17.3, 
various possible combinations are indicated, as well as 
their repercussion upon the percentage of forseen 
boulders. 

Another aspect of the design of the blastings is referred 
to as geostructural control of the rock mass, which refers 
to the relative orientation of the face and break direction 
of the round with respect to the strike and dip of the strata. 
In Table 17.4, the forseen results for the different cases 


that might arise are indicated, taking into account the 
inclination of the discontinuitites and the relative angle of 
the strike and dip. 

Special precautions should be taken when the disconti¬ 
nuities are subvertical and the direction of the shot is 
normal (parallel) to theirs, because overbreak is frequent 
behind the last row of blastholes and inclined drilling 
becomes necessary to maintain the burden dimension in 
the first row of the round. Fig. 17.4 and Photo 17.3. 

ling or the joint system has an angle 
smaller than 30°, it is recommended drat the blastholes be 
normal to said planes in order to increase the yield of the 
blasts. 

In tunnel excavations, the structural characteristics 
largely condition the geometry of their profile, almost 
rectangular if the rocks are massive and with a curved 
arch if the rock is more unstable. When the discontinui¬ 
ties are normal to the tunnel’s axis, the blasts usually have 
good results. Fig. 17.5a. If the bedding or the discontinui¬ 
ties are parallel to the axes of the tunnels, Fig. 17.5b, 
frequently the advances are not satisfactory and the faces 
are uneven. When the bedding has an oblique direction 
with respect to the axis of the tunnel, there will be one 
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side on which it is easier to blast, such as in the case of 
Fig. 17.5c, the left side. On the other hand, very lami¬ 
nated rocks with high schistosity and fissurization res- 


deep pulls of up to 6 m are possible with this type of cut. 

When V cuts are used in sinking rectangular shafts, the 
best results are obtained when the discontinuities are 
parallel to the line joining the bottom of the V cut, Fig. 
17.6. 


Photo 17.3. Face of a blast that coincides with a bedding plane. 


17.3.3 Stress fields 

When the stress fields, either tectonic and/or gravita- 
tional (non-hydrostatic) act, the fracture pattern gene¬ 
rated around the blastholes can be influenced by the 
non-uniform stress concentrations around the same. 

In homogeneous massive rock, the cracks which start 
to propagate radially from the blastholes tend to follow 
the direction of the principal stresses. 

Therefore, when driving shafts in rock masses with a 
high concentration of residual stresses, as in the case of 
Fig. 17.7, the firing sequence in the blastholes of the cut 
should be adapted to this situation. 

If in the presplitting planes of the planned excavation 
the influencing stresses are normal to the same, the ob¬ 
tained results will not be satisfactory unless the spacing is 
considerably reduced or a pilot excavation is carried out 


to relax the mass and free the stresses, and presplitting is 
substituted for smooth blasting. 


17.3.4 Water content 

Porous and intensely fissured rock, when saturated with 
water, usually pose certain problems: 


Fig. 17.5. Relative directions of the beds with regard to the axes of the 
tunnels. 
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Table 17.4. Design of the blasts with attention to geostructural control. 


WECTtOH OF THE STRATA 



'OWECTION OF THE 01 AST 



Inclination of the strata Angle between the direction of the strata and the blast break 

a - 0° Indifferent break direction 


« = 90°- 


a = 45° 


0° < a < 45° 


(Similar to the previous case 
hardness is determining factor) 


ft = 0° = 180 ° = 3 60 e -Good-fragmentati on, irre gular 

face 


ft = 45°= 135° = 225° 

Variable fragmentation, saw¬ 

= 315° 

tooth face 

ft = 90° = 270° 

Most favorable direction 


ft = 0° = 180° = 360° 

Good 

ft = 45° = 135° 

Unfavorable 

ft = 90° 

Not very favorable 

ft = 225° = 315° 

Acceptable 

ft = 270° 

Very favorable 


ft = 0° = 180° = 360° 

Good 

ft = 45° = 135° 

Unfavorable 

ft = 90° 

Not very favorable 

ft = 225° = 315° 

Acceptable 

ft = 270° 

Very favorable 
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Fig. 17.7. Initiation sequence for bum cut in high horizontal stress 
field: (a) to be avoided, (b) satisfactory. (Hagan, 1983). 


Fig. 17.6. Rectangular sinking shaft with V cut. (Hagan, 1983) 
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- Only explosives that are unaltered by water can be 
used. 

- Blastholes are lost due to caving, and 

- Inclined drilling is difficult. 

On the other hand, water affects the rock and the rock 
masses by the following: 

- Increase in propagation velocity of the elastic waves 
in porous and fissured ground. 

- Reduction of the compressive and tensile strength of 
the rocks (Obert and Duvall, 1967) as the friction be¬ 
tween particles is lower. 


- Reduction of the stress wave attenuation and, 
because of this, the breakage effects are intensified by ET 
(Ash, 1968). 



tension, the water is mobilized, forming a wedge which 
could provoke a great overbreak. 


17.3.5 Temperature of the rock mass 

The orebeds that contain pyrites usually have high rock 
temperature problems because of the effect of slow oxi¬ 
dation of this mineral, causing the explosive agents such 
as ANFO to react exothermically with the pyrite, with 
stimulation from 120°C ± 10°C. 

The latest investigations point to a first reaction be¬ 
tween ANFO and hydrated ferrous sulphate, and even 
more so between the latter and amnionic nitrate, initiating 
an exothermic reaction that is self-maintaining from 80°C 
on. This ferrous sulphate is one of the products of decom¬ 
position of the pyrites, apart from the ferric sulphate and 
the sulfuric acid. 

To avoid this problem, which has caused severe acci¬ 
dents on several occasions, diverse substances which 
inhibit ANFO have been added, such as urea, potassic 
oxalate, etc., arriving at the conclusion that by adding to 
ANFO a 5% in weight of urea, the exothermic reaction of 
the ternary mixture is avoided up to a temperature of 
180°C (Miron etal., 1979). ' 

The sensitivity of the water gel type explosives also 
depends highly upon the temperature of the rock with 


lasting of rocks 

which it is in contact and, because of this, great attention 
must be paid to this phenomenon. 

A general recommendation when these problems are 
present is to limit the number of blastholes per blast, in 
order to lower the time that passes between the charging 
and the firing. 
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CHAPTER 18 


Characterization of the rock masses for blast designing 


18.1 INTRODUCTION 

The properties ot rock masses that most influence blast 
design ar e:- 

- Dynamic strengths of the rocks. 

- Spacing and orientation of the planes of weakness. 

- Lithology and thickness of the sedimentary bedding 
planes. 

- Velocity of wave propagation. 

- Elastic properties of the rocks. 

- Types of infilling material and tightness of the 
joints. 

- Indexes of anisotropy and heterogeneity of the rock 
masses, etc. 

The determination of these parameters by direct or 
laboratory methods is very costly and difficult, as the 
samples tested do not usually include discontinuities and 
the lithological changes of the rock mass from where they 
were taken. In order to obtain a representative sample, it 
would be necessary for it to have a size ten times larger 
than the mean spacing between joints. However, these 
methods do complement the characterization of the rock 
masses to be blasted. 

At the moment, the most common geomechanic tech- 
niques for monitoring are: _ 

- Diamond drilling with core recovery and geomecha¬ 
nic testing. s 

- Structural studies of the joint system. 

- Seismic survey profiles. 

- Geophysical logs of investigation drill holes. 

- Geophysical logs of production blastholes. 

- Logging and individual treatment during drilling of 
production blastholes. 


18.2 DIAMOND DRILLING WITH CORE 

RECOVERY AND GEOMECHANIC TESTING 

With core recovery by diamond drilling, one of the most 
extensive rock mass Gasifications known can be applied, 
called RQD (Rock Quality Designation, Deere 1968) 
which is defined as the percentage of the core length 
recovered in pieces larger than 10 cm with respect to the 
length of the core run, Table 18.1. 

Apart from this, the geomechanic testing of Point Load 
Strength / t can be carried out either in the diametral or 
axial position, to be able to estimate the Uniaxial Com¬ 
pressive Strength RC. 


RC (MPa) = 24 - / s (50) (MPa) 

Borque z (1981) d eterminesthebtestabitityfaeterW^fFom 
the Pierce equation, for the calculation of the Burden 
from the RQD index, corrected by a Coefficient of Alte¬ 
ration which takes into account the Joint Strength as a 
function of their tightness and the type of infilling, Fig. 
18.1 and Table 18.2. 

The company Steffen, Robertson and Kirsten, Ltd. 
(1985), used various geomechanic parameters to cal¬ 
culate the powder factors in bench blasting, among which 
RQD, the Uniaxial Compressive Strength (MPa), the 
Internal Friction Angles and Abrasiveness of the joints 
and the Density are found (t/m 3 ), Fig. 18.2. This procedu¬ 
re is one of the few that take into account the effect of 
blasthole diameter (mm) or spacial distribution of the 
explosives upon the powder factor of the blast. 


18.3 CHARACTERISTICS OF THE JOINT 
SYSTEMS 

There are various properties of the joints that can be 
measured in a characterization study, but the most impor¬ 
tant from a breakage point of view are spacing and 
orientation. 

An index obtained frequently is that known as the 
Volumetric Joint Count , J v which is defined by the total 
number of joints per cubic meter, obtained from the 
summing of the joints present per meter for each one of 
the existing families. 

The relationship between the index J v and the RQD is, 
according to Pallsmtrom (1974), the following: 

RQD =115- 3.3 J v FotJ v < 4.5, RQD = 100 

According to the orientation of the joints, the in-situ 
blocks will show different geometries that doubly affect 
the fragmentation of the blast and the most useful break 
direction of the round. 

In Fig. 18.3, the approximate volume of the blocks 
taken from J v and the relationship of the three character¬ 
istic intersections of the same can be estimated. 

An attempt to take into consideration the structural 
discontinuities when designing the rounds is owed to 
Ashby (1977), which relates the fracture frequency and 
their shear strength to the powder factors of the explosive, 
Fig. 18.4. 

Lilly (1986) defined a Blastability Index BI that is 
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Table 18.1. 



RQD 

Rock quality 


0-25 

Very poor 


25-50 

Poor 


50-75 

Fair 


75-90 

Good 


90-100 

Excellent 


Table 18.2. 



Joint strength 

Correction factor 


Strong 

1.0 


Medium 

0.9 


Weak 

0.8 


Very weak 

0.7 



Table 18.3. 



K 

Characteristics of the mass 


> 1 

Massive blocks 


1-3 

Large blocks 


3-10 

Medium size blocks 


10-30 

Small blocks 


>30 

Very smalltilocks 


Table 18.4. 



Geomechanic parameters 

Rating 


1 . 

Rock mass description (RMD) 

1.1 Powdery/friable 

10 


1.2 Blocky 

20 


1.3 Totally massive 

50 

2. 

Joint Plane Spacing (JPS) 

2.1 Close (< 0.1 m) 

10 


2.2 Intermediate (0.1 to 1 m) 

20 


2.3 Wide (> 1 m) 

50 

3. 

Joint Plane Orientation (JPO) 

3.1 Horizontal 

10 


3.2 Dip out of face 

20 


3.3 Strike normal to face 

30 


3.4 Dip into face 

40 

4. 

Specific Gravity Influence (SGI) 



SGI = 25 SG - 50 (where SG is in Tons/cu metre) 

5. 

Hardness (H) 

1-10 


obtained by summing the representative values of five 
geomechanics parameters. 

_ BI = 0.5 (RMD +JPS + I PO + SGI + HD) 

In Table 18.4, the ratings for Blastability Index parame¬ 
ters are described. 

The Powder Factors CE or the Energy Factors FE are 
calculated with Fig. 18.5, or the equations 

CE (Kg ANFO/t) = 0.004 x BI, or 

FE (MJ/t) = 0.015 x BI 

From the numerous experiences carried out in Australia, 
it has been concluded that the Rock Factor of the Model 
Kuz-Ram of Cunningham (1983) can be obtained by 
multiplying BI by 0.12. 



0 10 20 30 40 50 60 70 80 90 100 

EQUIVALENT ROCK QUALITY DESIGNATION (%) 
ERQD - ROD x ALTERATION FACTOR 


Fig. 18.1. Blastability factor k vs equivalent rock quality designation, 
RQDE. 



DENSITY « TAM (g*| » VRc~ « (BLASTHOLE MAMETCR/IQOf 
(1tS-BQO)/3,3 

Fig. 18.2. Calculation of the Powder Factor as a function of the 
different geomechanic parameters of the rock mass. 

Example: 

Consider a highly laminated, soft ferruginous shale 
which has horizontal to sub-horizontal bedding to which 
the following values correspond:— 

RMD = 15 
JPS = 10 
JPO = 10 
SGI = 10 
H = 1 

The total sum is 46 and the Blastability Index is BI = 23. 

From Fig. 18.4, a powder factor of 0.1 kg/t is ob¬ 
tained. 

Ghose (1988) also proposes a geomechanic classifica¬ 
tion system of the rock masses in coal mines for predict¬ 
ing powder factors in surface blastings. The four parame¬ 
ters measured are indicated in Table 18.5. 
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TOTAL NUMBER OF JOINTS PER m 3 (Jv) 


MASSIVE BLOCKS 

LARGE 

1 

MEDIUM 


| | 


BLOCKS 

BLOCKS 

BLOCKS 

1 VERY SMALL BLOCKS 

Fig. 18.3. Estimation of the volume of the 
in-situ blocks. 


Table 18.5. 


Parameters Range of values 


1. Density 

1.3-1.6 

1.6-2.0 

2.0-2.3 

2.3-2.5 

>2.5 

Ratio 

20 

15 

12 

6 

4 

2. Spacing of discontinuities (m) 

<0.2 

0.2-44 

0.4-0.6 

0.6-2.0 

>2.0 

Ratio 

35 

25 

20 

12 

8 

3. Point load strength Index (M Pa) 

< 1 

1-2 

2-4 

4-6 

> 6 

Ratio 

25 

20 

15 

8 

5 

4. Joint plane orientation 

Dip in to face 

Strike at an acute 

Strike normal to face 

Dip out of face 

Horizontal 



anele to face 




Ratio 

20 

15 

12 

10 

6 


Table 18.6. 


Table 18.7. 


Adjustment factors 

Values 

Blastability index 

Powder factor (kg/m 3 ) 

1. Degree of confinement 


80-85 

0.2-0.3 

Highly confined 

-5 

60-70 

0.3-45 

Reasonably free 

0 

50-60 

0.5-46 

2. Bench stiffness 


40-50 

46-0.7 

Hole depth/burden > 2 

0 

30-40 

0.7-0.8 

Hole depth/burden < 1.5 

-5 



Hole depth/burden 1.5-2 

- 2 
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POWDER FACTOR * 


ANFO 


BLASTING 

GELATINE 



Fig. 18.4. Empirical relationship between powder factor, fracture fre¬ 
quency and joint shear strength. 



Fig. 18.5. Calculation of the Powder Factors or Energy Factors from 
-t he BlastabiIity Index (T illy, 1 Q86) _ 



0 1.000 2.000 3.000 4 000 5.000 


SEISMIC VELOCITY Vs (m/s) 


Fig. 18.6. Correlation between the seismic velocity and the powder 
factor. 


The value obtained is adjusted to take into account the 
conditions under which the blast is carried out. In Table 
18.6, the different values used are indicated. 

From experiences carried out in 12 surface mines, the 
correlation between the blastability indexes and the pow¬ 
der factors were established, using a watergel as the 
pattern explosive with a detonation velocity of 3.800 
m/s. 


18.4 SEISMIC SURVEY 

The first applications of the seismic survey in the design 
of blasting was carried out by Broadbent (1974), Heynen 
and Diniock, who r ela t ioned the powder factor with the 
-seismic p ropor ti on velocity, Fig. 18.6. _ 

As can be observed, when the velocity increases, a 
larger quantity of energy is required to obtain satisfactory 
fragmentation. It is well known that the criterium for 
equality of impedances (Rock propogation veloc¬ 
ity x rock density = Detonation velocity x explosive 
density) with the purpose of maximizing the transfer of 
the explosive energy to the rock. 

This method has had great success in several opera¬ 
tions where drilling and blasting costs have been reduced 
by up to 15 %. 


18.5 GEOPHYSICAL TECHNIQUES TO OBTAIN 
ROCK MASS DATA 

Exploration drillholes, with or without core recovery, for 
geophysical logging has the following disadvantages: 

- It is costly and time consuming and, 

- It requires special drilling and logging equipment. 
For these reasons it is not a usual operational procedu¬ 
re, except in areas where large installations are to be built, 
such as power plants, storage depots, etc., or in those 
cases where the aparatus is free and can be directed to 
other uses, for example rock breakage with explosives. 

18.6 LOGGING OF PRODUCTION BLASTHOLES 

This procedure is relatively simple, fast and trustworthy, 
as it studies the whole of the blast and only requires 

investment in logging equipment._ 

The technological advances made in the production of 
logging aparatus allow the user to obtain the following 
information: 

- The location of weak bedding such as coal seams or 
weathered material. 

- Variations in rock strength, and 

- The spacing of joints and planes of discontinuities. 
The most common logging methods are: 

- Sonic logs 

- Density logs 

- Natural Gamma logs 

- Caliper logs 

In Fig. 18.7, the data obtained from an overburden with 
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Sonic veloc- Excavation characteristics 

ity (m/s) _ 

< 1.500 Strata excavatable by scrapers, large dragl ines, shovels or bucket wheel excavators, without blasting. 

1.500- 2.000 Easy rippping. Slow difficult digging of unblasted strata by dragline, shovel or bucketwheel excavator. 

2.000-2.500 Slow costly ripping. Light blasting (i.e. large blasthole patterns, long stemming columns, low powder factors) may be necessary for 
large draglines, shovels or bucket wheel excavators. 

2.500- 3.000 Light blasting is required. 


> 4.500 Heavy blasting is required (i.e., small blasthole patterns, short stemming columns, high powder factors). 


beds of stronger more massive rocks in between can be 
observed. 

At the present time, there is little available data to 
correlate the values obtained from the diagraphs with the 
excavation characteristics. However, Hagan and Gibson 
(1983) established, based upon their own experience, the 
classification given in Table 18.8. 


18.7 CHARACTERIZATION OF THE ROCK MASS 


- Rotary revolutions per minute. 

- Instantaneous penetration rate. 

- Vibrations of the mast. 

- Retention force of the drill string. 

- Acceleration produced by reflected ground energy, 
and 

- Drilling time. 

The recorded values give a complete image of the 
ground’s data. Some of the most used indexes at present 
time are: 


Currently, aparatus has been developed to monitor the 
performance of production drills. For example, the Em- 
pasol system, manufactured by the French firm Sole- 
tanche, the American G.L. I., etc. 

By using these systems one can: 

- Evaluate the efficiency of the drilling equipment and 
method of drilling used. 

- Use the information as an aid in mine planning. 

- Detect drill failures and inadequate handling of the 
machinery, and 

- Use this as an investigation tool not only to optimize 
drilling, Fig. 18.8, but also to detect small variations in 
the rock properties. 

This system is considered the most interesting as the 
investment is minimum and it allows the monitoring of 
data during the actual drilling. 

The recorders can monitor the diverse parameters a- 
mong which the following are emphasized: 

- Air pressure. 

- Rotary torque. 

- Pulldown rate on the drill bit. 


a) The index of rotation energy 

T x N 
IE = — — 

VP 


where: T r = Rotary torque* N r = Rotary speed, VP = 
Penetration rate. 

b) Degree of alteration index _ 

E VP 

I A = 1 +- 

E VP n 

o o 

where: E = Pulldown weight on the drill bit, VP = Pene¬ 
tration rate, E o and VP a = Maximum values of E and 


c) Index of ground strengths for drilling 
N r 

IR = Ex — 

VP 
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Fig. 18.9. Overburden consisting of adjacent beds with highly dissimi¬ 
lar strengths (Hagan and Reid). 



Fig. 18.10. Charging of blasthole which passes through thick weak 
upper strata (Hagan and Reid). 


where: E = Pulldown weight on the drill bit, N r = Rotary 
speed, VP = Penetration rate. 

The most important parameters ar e pen etration rate 
and rotary torque. In rocks with high compressive 
strengths, penetration rates are comparatively low and the 
rotary torques quite high, unless the discontinuitiy spac- 
ings are small in comparison with the blasthole diameter. 

When a bed of sand, clay, highly weathered or fissured 
rock is drilled through, the penetration rate will increase 
and the required rotary torque will be low, provided that 
the flow of air is sufficient to flush the cuttings from the 
blasthole. The pulldown and rotary torque will be com¬ 
bined to obtain maximum performance. 

When drilling beds of highly dissimilar strengths, pro¬ 
nounced variations in the penetration rate are observed, 
Fig. 18.9. 


This record would reflect: 

- The relative ease with which the rock will be frag¬ 
mented during the blasdng, and 

- The correct distribution of the explosive for opti¬ 
mum results. 

In the following, the fields of application for this 
technique will be analyzed for different types of beds. 


18.7.1 Surface coal mines 

In coal seams, the overburden usually consists of strata 
that have highly variable strengths and, for this reason, 
the monitoring of blasthole drilling has a bright future. 
The data obtained from the diagrams are: 

- The thicknesses of the beds winch have dif f erent 

gtrr^n rtmr 

oU digit 1S« 


The exact depth of the top and wall of the coal 
seam. 

When competent strata lies below a highly weathered 
area of the same material or an unconsolidated sediment, 
it will only be necessary to charge the part of the blasthole 
below contact, Fig. 18.10. 

Where a thick layer of soft or highly deformable ma¬ 
terial, such as sand, lies between beds of competent rock 
and a continuous charge is placed along the length of the 
blasthole, the following will occur: 

- The gases will rapidly expand towards the deform¬ 
able area, and 

- The rapid fall of the gas pressure in the competent 
bed will cause poor fragmentation, little swelling and 
reduced displacement of the muckpile. 

The placing of a stemming in the weak level will avoid 
this and, above all, waste of explosion energy. Fig. 
18.11. 


18.7.2 Metalliferous open pits 


found: 


a) Blastings in the ore/waste contact 

In Fig. 18.12, a blast block containing medium strength 

waste, weathered ore and high strength ore. 

In such a complex case it is possible to modify the 
drilling pattern, but it would be necessary to have knowl¬ 
edge of the lines of contact before replanning the blast. 
The most suitable approach consists in standardizing the 
drilling pattern and modifying the charging of blastholes 
according to a recording of the penetration rate as indi¬ 
cated in the Fig. 18.13. 


STEMMING 



Fig. 18.11. Location of the top of the coal seam and the use of 
intermediate stemming at the level of a weak in between bed. 
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Fig. 18.12. Blast block in an open pit containing highly variable strata 
(Hagan and Reid). 



PENETRATION RATE 


Fig. 18.13. Typical penetration rate-time recordings and charge distri¬ 
butions for effective rock types shown in Fig. 18.12. (Hagan and 
Reid). 


The use of this system brings about the following 
-a dv a nt a ge s!— 

- It avoids an excessive waste of explosive in weak 

formations. s 

- Increases the fragmentation yield per unit of weight 
of explosive. 

- Increases control over the disturbing effects of the 
blast such as vibrations, air blast, fly rock, over¬ 
break, unstable remaining walls, etc. 

b) Boulders within a softer matrix 
If boulders are bedded within a soft, plastic type matrix 
such as clay, the strain wave created in the blasting is 
gready attenuated in these materials. 

When a blasthole passes through a floater and has no 
explosive in that area, the boulder will remain intact and 
appear as such in the muckpile, Photo 18.1, where it will 
hinder digging operations and will require secondary 
blasting. 

By continuous chart recorders of the drilling, the blast- 
holes which pass through the boulders would be known 
and the depths of entrance and exit of these blocks could 
be determined, establishing selective deck charging of 
the explosive, Fig. 18.14. 



Fig. 18.14. Breakage of strata containing floaters. 



Photo 18.1. Granite boulder within a clay matrix in Meirama. 



Fig. 18.15. Charging in and around a blasthole containing a large 
cavity (Hagan and Reid). 


c) Voids or cavities 

The voids are produced by dissolution of primary rock 
caused by underground water or from another process. 
Some iron ores and limestones contain cavities of up to 
15 meters, with a random distribution. 
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The continuous drill chart recorders allow: 

- The location of blastholes which pass through cavi¬ 
ties. 

- Knowledge of the depths of entry and exit of the 
voids. 

And afterwards: 

- The proper charging of the blastholes which inter¬ 
sect the cavities with deck charges. 

- The charging of adjacent blastholes with high 
strength explosives to compensate for the loss of energy 
due to the mentioned cavities. 


18.8 THE ATTEMPT TO CORRELATE DRILLING 
INDEXES WITH THE BLASTING DESIGN 
PARAMETERS- 

Taking into account that the drilling of a rock constitutes 
a process of breakage of its structure in which numerous 
geomechanic factors have influence, it seems logical that 
the designing of the blastings should be based upon upon 
the drilling indexes. 

In this sense, the following investigations have been 
carried out: 

- Praillet (1980) 

- Leighton (1982) with the RQI index. 

- Lopez Jimeno (1984) with the Ip index. 


18.8.1 Praillet 

R. Praillet calculates the compressive strength of the rock 
from the penetration rate, pulldown weight, rotary speed 
and diameter. Afterwards, by using a third degree equa¬ 
tion, he determines the burden value as a function of: 

- Bench height. 

- Charge density. 

--Deten ation - veloeity .- 

- Stemming height. 

- Compressive strength. s 

- Constant that depends upon the type of loading 
equipment used: rope shovel or dragline. 

The advantage of this system is that it calculates the 
drilling pattern as function of parameters known before¬ 
hand, with the exception of the compressive strength 
which must be estimated from previous data. 

On the other hand, its disadvantage is that as the 
compressive strength must be determined from the dril¬ 
ling parameters, the system cannot be established until 
after a few blastholes have been drilled, making the 
method valid only for very homogeneous formations. 

18.8.2 RQI Index 

Mathis (1975) suggested an index which he called ‘RQI’ 
(Rock Quality Index): 

RQI = E h - 
L 


8 . 000 ' 


7000 


6.000 


O 5.C00-] 
O 
<r 


4.00CH 


Ln (C.c.) = 


ROl- 25.000 



A GOOD RESULTS 
o DIFFICULT EXCAVATION 
• EXCESSIVE FLYROCK AND 
OVERBREAK 


2.260- 

0.02 0.04 0.06 0.08 

POWDER FACTOR (Kg ANFO/t) 

Fig. 18.16. Correlation between Rock Quality Index and Powder 
Factor for controlled perimeter blasting (Leighton). 


time of the blasthole, L = Length of the blasthole. 

The first practical application of the RQI was develop¬ 
ed by Little (1975), in an attempt to correlate the rotary 
drilling data with the geotechnical design of the remain¬ 
ing walls in open pits. 

The investigation carried out demonstrated this was 
not very reliable in view of the recording techniques and 
in the lack of sensitivity to immediate lithological 
changes. 

Leighton (1982) proceeded to identify the rocks in the 
Afton mine (Canada) by the RQI, using a B.E. 40-R 
rotary drill working with a 229 mm (9") diameter. 

Following this he made a study of the correlation 
-hetw£en_the_RQLand_the_op timiim powder factor for 
perimeter blastings, obtaining a correlation coefficient of 
r = 0.98. Fig. 18.16, for the following exact curve: 

RQI - 25.000 

Ln(CE) = - 

7200 

where: CE = Powder factor (kilograms of ANFO/ton), 
RQI = Rock Quality Index. 

However, the use of the RQI has the following limita¬ 
tions:-- 

- As the hydraulic pressure of the drill is used, the data 
obtained depend upon the type and model of the rig. 

- The drilling diameter is not taken into account. 

- The rotary speed is not a factor. 

In conclusion, the results obtained from the Afton mine 
are only of use in those operations where: 

- The drilling rig is model B. E. 40-R, and 

- The blastholes are drilled with a diameter of 229 
mm. 


18.8.3 Ip drilling index 


where: E h = Hydraulic pressure of the drill, t = Drilling E.L. Jimeno (1984), taking into account the limitations of 
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Greasing time 

Operator translation time 

Mechanical translation time 


Time to change adaptor 

Other causes for halts 




OPERATORS SIGNATURE. 





TOTAL WORK HOURS 


TOTAL HALT HOURS 
Fig. 18.17. Drilling sheet. 



the RQI, proposed a rock characterization index in which 
the following drilling parameters are combinedr 
VP = Penetration rate (m/h), E = Pulldown weight on 
the tricone bit (thousands of pounds), N r = Rotary speed 
(rpm), D = Drilling diameter (inches). 

The index responds to the equation: 

VP 

Ip= - 

£xN r 

D 2 

In order to calculate this index, it must be taken into 
consideration that: 

- The type of tricone bit used is the most adequate for 
the rock formation that is going to be drilled. 


- There is sufficient flow of air to sweep away the drill 

cuttings:--- 

- The following times not be counted: changing drill 
position, changing the rods, etc. Only the net penetration 
rate should be taken. 

To compile all the data, a sheet like the one shown in 
Fig. 18.17, is very useful. 

As the penetration rate depends upon the compressive, 
tensile and shearing strengths, the Ip index, which is 
directly proportional to VP, will implicitly contain all 
these geomechanic characteristics, which can then be 
correlated with the specific charge or energy factor used 
in blastings where adequate fragmentation has been ob¬ 
tained. Fig. 18.18. 

The statistic analysis of regression of the data from 
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BENCH HEIGHT (H) 


■ BLASTHOLE DIAMETER CD)., 


[ NOMINAL PATTERN (B x S) 


ROCK PROPERTIES 


BENCH HEIGHT (H) 


BLASTHOLE DIAMETER (D) 



Disvol Program Pattern Calculation. 
Data 

Drilling diameter = 

Bench height = 

Drilling index = 

Explosives 

Charge density (G/CC) 

Detonation velocity 
Charge diameter 

Results 
Drilling length 
Upper stemming height 
Intermediate stemming height 
Subdrilling length 
Bottom charge length E-1 

R.Mtnm rharge length P.—2 _ 

Upper charge length E-2 

Bottom charge E-l 
Bottom charge E-2 
Upper charge E-2 
Total charge 
Burden 
Spacing 

Volume per blasthole 
Drilling yield 
Powder factor (ANFO) 


311.0 mm 
15,0 m 

0.35 


(2) 

0) 

0.80 

1.35 

4000 

4700 

311.0 

311.0 

17.48 (m) 
7.77 (m) 
0.00 (m) 

2.48 (m) 
2.48 (m) 
7.22 (m) 


0.00 (m) 


255.15 (kg) 
439.07 (kg) 
0.00 (kg) 


694.22 (kg) 
6.99 (m) 

8.04 (m) 
844.02 (m 3 ) 
86.89 (m 3 /m) 
0.91 (kg/m 3 ) 


Fig. 18.20. Calculation of the blasting pattern from the Ip. 


Fig. 18.19. Calculation of the drilling and charging patterns from Ip (L. 
Jimeno). 


Disvol Program Charge Calculation. 


Data 

Drilling diameter 
Bench height 
Drilling index 
Burden 
Spacing 
Subddrilling 


= 229.00 mm 

= 15.00 mm 

= 3.00 

= 8.50 m 

= 9.50 m 

= 1.80m 


/- 



SELECTED DRILL IN Li 



EQUIPMENT 


OF THE ROCK MASS 



Results 

Drilling length 

= 

16.80 (m) 

Upper stemming length 

T 

10.30(m) 

Intermediate stemming length 

= 

0.00 (m) 

Bottom charge length E-l 

= 

1.07 (m) 

Bottom charge length E-2 

= 

5.41 (m) 

Upper charge length E-2 

= 

0.00 (m) 

Bottom charge E-l 

= 

53.16 (kg) 

Bottom Charge E-2 

= 

178.56 (kg) 

Upper charge E-2 

= 

0.00 (kg) 

Total charge 

= 

231.72 (kg) 

Volume per blasthole_ 

- 

1211.25 (m 3 > 

Drilling yield 

= 

72.09 (m 3 /m) 

Powder factor (ANFO) 

. = 

0.20 (kg/m 3 ) 


Fig. 18.21. Calculation of the explosive charges for a prefixed pattern. 



Tes 


IMPLEMENTATION of TK 

5*5TEm and control 


Fig. 18.22. Structure of the cost optimization model (L. Jimeno). 


numerous mines has given the following equation: 

CE (kg ANFO/m 3 ) = 1.124 x <T°- 5727 >P(r=0.92) 

The range of rocks checked goes from the very soft, such 
as the surface of Puertollano, up to the very hard, such as 
the cupriferous porphyry of Palabora. It must be pointed 
out that the fundamental taking of data was carried out in 
the Meirama operation with shales and granites which 


varied greatly in degrees of weathering. The previous 
equation which links the powder factor with the drilling 
index Ip, constitutes a very efficient tool for use in design 
and calculation of the blastings, as it permits: 

- The selection of the drilling pattern, Figs. 18.19 and 
18.20. 

- Calculation of the optimum charge of a blasthole 
drilled according to an established pattern, Figs. 18.19 
and 18.21, and 
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- The creating of an optimization model for bench 
blasting. 

Other possibilities of the Ip index are: 

- The geotechnical characterization of the open pit 
materials. 

- Designing of the open pit walls. 

- The selection of the drilling diameter and the drill 
characteristics as a function of: The required production, 
rock strength, and the calculation of grinding yield and 
costs. 

The advantages that the use of the drilling index Ip 
brings to a model of blasting calculation are the follow¬ 
ing: 

a) As a method for designing the blasting pattern it 
includes the following data: 


Geometric 

- Bench height 

- Drilling diameter 

- Subdrilling, fixed as a function of the diameter. 

- Stemming, as a function of Ip. 

Properties of the rock and of the rock mass 
This is the most important point and the one that makes it 
different as a method from the rest of the classic formulas 
in existance which only take into consideration certain 
properties of the rock. 

Explosive 

The selection of the specific charge with reference to a 
base explosive such as ANFO, gives a better application 
and use of these substances, which can be expressed in 
Kg/m 3 or in cal/m 3 . 

The planning of a blast pattern from drill performance 
data can be done: 

- By means of the values given by the manufacturers 

of the tricone bits from repre sen tat ive,, samples taken 
during its design stage, or by widening to an area without 
previous data. ^ 

- By means of interpolation with data compiled from 
a working operation. 

b) It is the only calculation system that determines the 


explosive charge per blasthole when the rock character¬ 
istics are different than imagined during drilling. It is a 
first step in powder factor optimization and selection of 
the most adequate explosive agents for the work at hand. 

c) It is a reliable method, as it is based upon a stadistic 
analysis of a large number of samples in which a correla¬ 
tion coefficient that is close to the unit has been obtained 
for the exact curve, taken from diverse rocks and opera¬ 
tions. 

d) Combined with a system of continuous monitoring 
of the drilling and a microprocessor, the range of possibi¬ 
lities for its use can be widened, as indicated before. 


18.9 SYSTEM OF DRILLING DATA 

-MAmT^MENTmT^omirriME- 

Recently, in the coal mine of Puertollano, a system of 
recording operation data in the actual time of a rotary drill 
has been perfectioned. 

The group of parameters controlled is: 

Parameters all/nothing: 

- Motor of the drill running YES/NO 

- Mast down YES/NO 

- Air in blasthole YES/NO 

- Pulldown weight in blasthole YES/NO 
Analogical parameters: 

- Shifting of the machine 

- Shifting of the drilling head 

- Rotary speed 

- Rotary torque 

- Pulldown weight 

In order to automatically obtain all the abovemen- 
tioned parameters, sensors have been placed upon the 
drill as indicated in Fig. 18.23. 

The final configuration of the management system is 

station is composed of a microcomputer which has a 
color monitor, an expanded keyboard and printer, which 
also has an interface for communication with the radio 
telemetric. 

The mobile unit upon the machine contains the cap- 
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tators, the CPU and the radio transmitter-receiver. Part of 
the information obtained is on the display during drilling, 
to help the operator. The data that appear are: 

- The depth of the blasthole at the moment (m) 

- Penetration rate (m/s) 

- Tricone distance from the bottom of the blasthole. 

With the information received in the central station, 

diverse reports are prepared: lists of work halts, reports of 
weekly or monthly work shifts, etc. Apart from this, 
analogical graphics of the blastholes are obtained in 
which the following parameters are represented: 

- Rotary speed. 

- Rotary torque. 

- Pulldown weight. 

- Penetration rate. 

- Specific energy of pulldown weight and of rotation. 

- Total specific energy. 

All the information is stored in the hard disk of the 
microcomputer, for later use in the blast design, once the 
^rilled - rock - materia fs have - been characterized ;- 
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CHAPTER 19 


Controllable parameters of blasting 


19.1 INTRODUCTION 


19.2 BLASTHOLE DIAMETER 


In calculation and design of blasting, the controllable 
parameters are classified in the following groups: 

A. Geometric (Diameter, charge length, burden, spac¬ 
ing, etc.). 

B. Physicochemical or pertaining to explosives (Types 
of explosives, strength, energy, priming systems, etc.). 

C. Time (Delay timing and initiation sequence). 

In order to facilitate comprehension and normalize the 
symbols used in this text, Fig. 19.1 is used to ilustrate a 
bench blasting where the different parameters of design 
and the most frequent terminology used in fragmentation 
with explosives are shown. 

Design parameters 
H = Height of bench 
D = Blasthole diameter 
L = Drilled length of blasthole 
d = Diameter of explosive charge 
B = Nominal burden 
S = Nominal spacing 
LV = Length of the blast area 
AV = Width of the blast area 

—B e = Effe ctiveburde n distan ce- 

S e = Elective blasthole spacing 
T = Stemming length s 
J = Subdrilling 
1 = Charge length 

0= Angle sustented at the center of the shot by charge 
fired in the same delay 

v/w = Degree of balance of the effective staggered 
blasthole 
t r = Delay timing 

1 = Toe 

2 = Half cast 

3 = Overhang 

4 = Overbreak or backbreak 

5 = Tension crack 

6 = Cutoffs 

7 = Fizzle crater 

8 = Decoupled charge 

Below, the influence of each of the indicated parame¬ 
ters on the results of blasting is explained, along with the 
present day trends and why they were chosen. 


The ideal drilling diameter for a given operation depends 
upon the following tactors: 

- Properties of the rock mass to be blasted. 

- Degree of fragmentation required. 

- Height of bench and configuration of charges. 

- Costs of drilling and blasting. 

- Capacity of the loading equipment. 

When the diameter of the holes D is small, the costs of 
drilling, priming and initiation are high and charging, 
stemming and connection take a lot of time and labor. 

When D is very small, the only advantage is a lower 
powder factor due to a more optimum distribution of the 
explosive. 

When the diameters are large, the drilling pattern will 
be correspondingly large and the size distribution ob¬ 
tained could well be unacceptable if the joints and discon¬ 
tinuities are widely separated and form blocks in situ, Fig. 
19.2. 

In these cases it is recommended that the spacing 
between blastholes be smaller than the mean separation 
between discontinuities. This also applies if the areato be 
blasted is made up of an elasto-plastic matrix which 

fragmented if they are not intersected by blastholes in a 
closed pattern. 

The increase in D is accompanied by the following 
advantages: 

- Higher detonation velocity which gives more stabil¬ 
ity and is less influenced by external conditions. 

- Lower overall costs of drilling and blasting. 

- Possible mechanization of the explosive charge. 

- Higher drilling productivity (m 3 blastings/ml dril¬ 
led)— 

- Increase in shovel yield as a consequence of fewer 
low productivity zones. Fig. 19.3. 

If fragmentation is to remain constant and D is in¬ 
creased, it will be necessary to increase the powder factor 
as the charges are not as well distributed in the rock 
mass. 

The stemming length T increases with the drilling 
diameter, and the collar of the blasthole could become a 
potential source of boulder formation. 

In massive rocks, when the charge length l and diame¬ 
ter D have ratios of l/D < 60, an increase in the latter 
parameter tends to increase fragmentation. This is exp¬ 
lained by the effect of breakage off each end of the short 
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A) 



B) 




BLOCKS WITHOUT BLASTHOLE 


Fig. 19.2. Influence of drilling pattern and discontinuities in the pro- 
duction oflarge blocks. 


BACKSPILL 



listing of rocks 





loading and haulage. 


Fig. 19.5. Bending conditions in bench blasting with different H/B 
ratios (Ash). 
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Fig. 19.6. Drilling diameter vs. bench height (Konya and Skidmore, 


Photo 19.1. Large diameter blasthole. 
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cylindrical charges. As l/D increases towards 60, the 
importance of the hemispherical regions decreases. 

When l/D > 60, an increase in D requires an increase 
in the powder factor if fragmentation is to be maintained. 

In surface blasts, the diameters cover a wide range 
which goes from 50 mm up to 380 mm. In civil engineer¬ 
ing, it is common to operate with D around 50 to 125 mm, 
whereas in mining the tendency has been to increase this 
design parameter and it is not unusual to find diameters 
between 165 and 310 mm. 

In underground operations, the increase in blasthole 
diameter has been limited and only in metal mining have 
values between 125 and 220 mm been used. In tunnel and 
drift d riving the ran ge goes f rom 32 mm to 64 mm and in 
bench blastings for cave excavations the normal diameter 
runs fronr64 to 90TTmr 

When referring to loading equipment, it is necessary to 
maintain a balance between their dimensions, the drilling 
diameters and haulage capacity, Fig. 19.4. 


19.3 HEIGHT OF BENCH 


INITIATION SEQUENCE 



BLOCK PRODUCTION ZONE 



NON REFLECTED 
WAVE 


The stiffness of the parallelepiped of rock located in front 
of the blastholes exerts great influence on the results of 
blasting. When the H/B ratio is large, it is easy to displace 
and deform rock, especially at the bench center. Ash 
(1977) states that the optimum ratio is H/B > 3. 

If H/B = 1, the fragments will be large, with overbreak 
and toe problems. With H/B = 2, these problems are 
attenuated and are completely eliminated when H/B > 3. 

The condition H/B > 3 is usually found in quarries and 
coal strip mining operations, but not in metal mining 
because the bench height is conditioned by: 

- The reach of the loading machine and, 

- The dilution of the mineral. 



spacing S has a great influence on the blasting results. 
When H increases, with B k^pt constant, spacing can 
increase to maximum value without affecting fragmenta¬ 
tion. 

If the bench heights are very large, there can be pro¬ 
blems of blasthole deviation which will not only affect 
rock fragmentation but will also increase risk of genera¬ 
ting strong vibrations, flyrock, and overbreaks because 
the drilling pattern B x S will not remain constant in the 
different levels of the blasthole. 


19.4 BLASTHOLE INCLINATION 

In bench blasting, inclined drilling gives numerous bene¬ 
fits as well as a few disadvantages which should be 
studied in each case. Usually, with rotary percussive 
drilling equipment, the blastholes are inclined; however, 
in large open pit mines where rotary rigs are used, vertical 
blastholes seem to be the tendency. The benefits of in¬ 
clined drilling are: 

- Better fragmentation, displacement and swelling of 
the muckpile, as the burden B value is kept more uniform 


Fig. 19.8. Benefits of inclined holes. 


along the length of the blasthole and the angle of the 
projection direction of the shot increases, Fig. 19.7. 

- Less probability of misfire caused by cutoff from 
burden movement, Fig. 19.7. 

- Smoother and sounder slopes in the newly created 
benches. 

- Higher productivity of front end loaders due to more 
swelling and lower height of the muckpile. 

- Less subdrilling and better use of the explosive 
energy, with the consequent lower vibration level. 

- Lower-powde^factor-as-the shock-wave_is_re: 
more efficiently in the bench toe and the possibility of 
increasing burden size with less risk of toe appearance, 
Fig. 19.8. 

- In coal mining there is no overcrushing of the min¬ 
eral when blasting waste. 

- Increased drilling production per unit of volume 
displaced. 

On the other hand, the disadvantages are: 

- Increased deviation when drilling long blastholes. 

- Increased drilling length. 

- Difficulty in positioning of the drills and in collaring 
operations. 

- Necessity of close supervision which creates work 
lapses. 

- Lower drill feed which means that in hard rock the 
penetration rate is limited in direct proportion to the angle 
of inclination of the mast. 

- More wear on the bits, drill steel and stabilizers. 

- Less mechanical availability of the drilling rig due 
to mast fatigue and wear on the traslation system. 

- Less productivity with rope shovels due to lower 
height of the muckpile. 

- Poorer flushing of drill cuttings due to friction 
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forces, requiring an increase in airflow. 

- Problems in charging the explosive, especially in 
blastholes with water. 


19.5 STEMMING LENGTH 

Stemming is the portion of blasthole which has been 
packed with inert material above the charge so as to 
confine and retain the gases produced by the explosion, 
thus improving the fragmentation process. If stemming is 
insufficient, there will be a premature escape of the gases 
into the atmosphere which will produce airblast and 
danger of flyrock . On - the other - hand, - if the stemming is 
excessive, there will be a large quantity of boulders 
coming from the top part of the bench, poor swelling of 
the muckpile and an elevated vibration level. 

In order to determine stemming, the following must be 
taken into consideration: 

- The type and size of the material to be used, and 

- The length of the stemming column. 

It is common practice to use drill cuttings, owing to 
their availabitity near the collar of the blasthole. 
However, recent studies have shown that coarse angular 
material such as crushed rock is more effective and the 
resistance to ejection of the stemming column increases 
when the humidity content is lowered. 

The most effective stemming is achieved with particle 
sizes that range between 1/17 D and 1/25 D. 

Investigations carried out by Otuonye indicate that by 
using stemming material with a diameter of 1/25 D 
proceeding from crushing, the stemming length can be 
reduced by up to 41 %. 

In practice, the optimum lengths of stemming increase 
as the quality and competence of the rock decrease, 
varying between 20 D and 60 D. Whenever possible, a 
stemming lengthrrfmoreThan~25~IiTshoulcfbe maintained 
in order to avoid problems of airblast, flyrock, cutoffs, 
and overbreak. 

In multiple row blasts, special care should be taken 
when stemming front row blastholes, especially when 
face irregularities are present, as they cause great differ¬ 
ences in burden dimensions from top to toe of the bench. 

When top priming is carried out, the negative effect of 
the detonation cord upon the stemming material must be 
taken into account, as its lateral pressure creates a prema¬ 
ture escape route for the venting of gases into the atmos¬ 
phere. 

In underground blastings, with the long blasthole 
method, the intermediate stemming between sequenced 
deck charges must be calculated to avoid simultaneous - 
sympathetic initiation and desensitivation by pre¬ 
compression, in order to maintain a degree of fragmenta¬ 
tion that will not interfere with the charge. 


19.6 SUBDRILLING 

Subdrilling J is the length of the blasthole underneath the 
floor level which is needed to break the rock at bench 


height and achieve adequate fragmentation and displace¬ 
ment which will allow the loading equipment to reach the 
expected level of productivity. 

If the subdrilling is small, the rock will not be com¬ 
pletely sheared off at floor level, which will result in toe 
appearance and a considerable increase in loading costs. 

However, if the subdrilling is excessive, the following 
will occur: 

- An increase in drilling and blasting costs. 

- An increase in vibration level. 

- Excessive fragmentation in the top part of the under¬ 
lying bench, causing drilling problems of the same and 1 

affecting slope stability in the end zones of the open pit. 

— - Increase in risk of cu toffs a nd ove rbreak, as the_ 

vertical component of rock displacement is accentuated. _ 

The breakage in the bottom of the blasthole is pro¬ 
duced in the shape of inverted cones, whose angles to the 
horizontal depend upon the structure of the rock mass and 
on the residual stresses. Normally they vary between 10 
and 30 degrees, Fig. 19.9. 

1 

I, 



Fig. 19.9. Minimum necessary subdrilling. 


Table 19.1. 


Different rock formations 


J/B 


Open bedding plane at toe 
Horizontal stratification 
Easy toe. Soft rock 
Normal toe. Medium hard rock 
Difficult toe. Hard rock 


0 

0 . 1 - 0.2 
0.3 

0.4-0.5 



Fig. 19.10. Reducing subdrilling with inclined blastholes. 
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The value of subdrilling that produces the intersection 
of the cone shaped surfaces at bench level is usually 
around J = 0.3 B because it has been shown that: 

S = 1 to 1 .4 B and also 
J = tag a x 

with % taking on the indicated values. 

The normal ratios of J/B for bench blastings are shown 
in Table 19.1. 

In order to reduce subdrilling, the use of explosives 
which give a high concentration of energy per unit of 
length in the bottom part of the charge and the drilling 
inclined blastholes is recommended. Fig. 19.10. 

In horizontal bedding plane coal mining operations, in 
order to eliminate the crushing effect of the ends of the 
charges, subdrilling takes on a negative value as the 
bottom of the blasthole is backfilled to a length of appro¬ 
ximately 4 D. 



INSUFFICIENT SPACING 


CRATER BREAKAGE 



OVERBREAK 


CRUSHED ROCK 
FLOOR 


TOE 

SECTION 


EXCESSIVE SPACING 

--- ROCK HUMPS 


TOE 

: a BOULDER 


rj ZONE 


; 1 


l. ,...-/t—'-t 

ROCK HUMPS 

TOE 

FLOOR 

SECTION 


Fig. 19.12. Influence of spacing in bench blasting (Dick and others). 


19.7 BURDEN AND SPACING 

The burden B is the minimum distance from the axis of a 
blasthole to the free face, and spacing S is the distance 
between blastholes in the same row. These parameters 
depend basically upon the drilling diameter, the proper¬ 
ties of the rocks and of the explosives, the height of the 
bench and the desired degree of fragmentation and dis¬ 
placement. 

Numerous formulas have been suggested to calculate 
the burden, which take into account one or more of the 
indicated parameters; however, their values all fall in the 
range of 25 to 40 D, depending fundamentally upon the 
properties of the rock mass, Fig. 19.11. 


It is very important to be certain that the dimension of 
the burden B is the adequate. Stnaller or larger values than 
those established could appear in the following situa¬ 
tions: 



Fig. 19. it. Size of burden in function with the drilling diameter 


- Marking and collaring errors. 

- Inclination and directional errors. 

- Deflection errors during drilling. 

- Irregularities in the face of the slope. 

If the burden is excessive, the explosion gases find too 
much resistance to effectively fracture and displace the 
rock and part of the energy becomes seismic and inten¬ 
sifies the vibrations. This phenomenon is most evident in 
presplitting blasts where there is total confinement and 
vibration levels can be up to five times those of bench 
blasting. 

If the burden is small, the gases escape and expand at 
high speed towards the free face, pushing the fragmented 
rock and projecting it uncontrollably, provoking an 
4flerease4n-ev erpressure of the - air - and nois e. 

Spacing S value is calculated in function with the 
burden, the delay timing between blastholes and the 
initiation sequence. Very small spacings cause excessive 
crushing between charges and superficial crater break¬ 
age, large blocks in front of the blastholes and toe prob¬ 
lems, Fig. 19.12. 

Excessive spacing between blastholes causes inade¬ 
quate fracturing between charges, along with toe prob¬ 
lems and an irregular face with overhang in the new 
bench. 


19.8 BLASTHOLE PATTERNS 

In bench blastings, the normal blasthole patterns are 
either square or rectangular, owing to the ease with which 
the collaring points can be marked out. However, the 
most effective are staggered patterns, especially those 
drilled on an equilateral triangular grid, as they give 
optimum distribution of the explosive energy in the rock 
and allow more flexibility when designing the initiation 
sequence and the break direction. This pattern produces 
the best fragmentation, with a spacing ratio of S = 1.15 B 
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for vertical blastholes and S - 1.15 B x cos U, where U 
is the angle with respect to the vertical in inclined holes. 

In a square pattern of 4.5 m per side, Fig. 19.13 (a), the 
farthest point, equidistant from the four blastholes, is at 
3.18 m. In a staggerd equilateral triangular pattern, Fig. 
19.13 (b), the equivalent pattern is 4.2 x 4.8 m and the 
center of the triangle is at a distance of 2.79 m from the 
blastholes. 

As the fall of the stresses produced by the shock wave 
is proportional to the square of the distance, in the point 
that is equidistant from the blastholes, with a square 
pattern, there will be 23% less energy than in an equiva¬ 
lent staggered pattern. 

p atterns and it is usually not necessary to use staggered 
blasthole patterns. 



SQUARE PATTERN OF 4,50 x 4,50m 


19.9 GEOMETRY OF THE FREE FACE 

The most effective geometry of the free face is that in 
which each point of its surface is equidistant from the 
center of the explosive charge. With small spherical 
charges, this situation exists in secondary blasting where, 
with a small charge confined in a blasthole, breakage is 
achieved with a very low powder factor, around 80 to 
100g/m 3 . However, in production blastings with cylin¬ 
drical charges, the conditions are different and it is neces¬ 
sary to use larger quantities of explosive. 

The most effective face geometry is achieved by: 

- Placing the charges parallel to the free face or by 


previous blastings. 

- Designing an initiation sequence in which each 
blasthole has a face that forms a semi-cylindrical convex 
or bi-planar surface, Fig. 19.14. 

In underground blastings, in tunnel driving or raise 
boring by shooting blastholes against a concave free face, 
fragmentation and displacement are achieved with great 
difficulty. This explains why the distances from the lead 
blastholes to said voids are smaller than would be needed 
if the free face were planar or bi-planar convex. Fig. 19.15. 


INITIATION SEQUENCE 



THEORETICAL 
BREAKAGE PLANES 


Fig. 19.14. Geometry of the free face and initiation sequence (Hagan). 


THE POINT IN THE BLAST 
FARTHEST FROM A BLASTHOLE 
tS AT A DISTANCE OF 2,?9m 



/THE SIX NEAREST HOLES 
ARE EQUIDISTANT FROM X 


HITT 


m 


EQUILATERAL TRIANGLE PATTERN 


- Having the rock near the surface already cracked by 


Fig. 19.13. Comparison between a square pattern (a) versus a staggerd 
pattern with equilateral triangles (b). 



Photo 19.2. Drilling of a large diameter blast. 



ADDITIONAL FACE \ 
CREATED av \ 

LEAD BLAST HOLE \ 




Fig. 19.15. Raise boring (Hagan). 
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PRINCIPAL DIRECTION 
OF ROCK MOVEMENT 



Fig. 19.16. Firing blasts with a face covered 
by a buffer of broken rock (Hagan). 


All necessary auxiliary operations to provide clean 
faces, without toe, should be carried out before blasting. 
When a ruuud is fired without having fully cleared away 
the buffer of broken rock, resting on one of the free faces 
from the previous blast, the following problems can 
appear: 

- More intense vibrations are generated, more over 
break and danger of instability. 

- To achieve the same degree of fragmentation and 
swell as with a clean face, a more closed pattern will be 
necessary and the powder factor will increase. 

- Probable toe appearance which will increase load¬ 
ing costs and require secondary blastings. 

To overcome some of these inconveniences, the blast 
should begin in an area that is far away from the covered 
face and the initiation sequence should be designed with a 
break direction that is parallel to the face, Fig. 19.16. 


19.10 SIZE AND SHAPE OF THE BLAST 

The size of the blasts should be as large as possible 
because of the following advantages: 

- Reduction of unproductive times of the drilling and 
charging equipment, marking out operations, etc. 

- Fewer boundries between blasts where there is poor¬ 
er fragmentation, due to the difficulty in drilling regular 
blasthole patterns, to the risk of finding preformed blocks 
from earlier rounds, and to the premature escape of the 
gases through the existing cracks, apart from the neces¬ 
sary supervision time and control that must take place in 
any blasting. 

On the whole, better fragmentation is usually attained 
in multi-row blasts than in those of only one row. In 
underground metal mines, larger blasts also provide 
better overall results. 

The shape of the blastings should be in such a manner 
that: 

- With one free face the ratio length of face/width 
LV/AV should be larger than 3, Fig. 19.17. 

- With two free faces, the blastings should be de¬ 
signed with LV/AV > 2, Fig. 19.18. 

On the other hand, the problems of multi-row blastings 
are: 

- Increase in intensity of generated vibrations and 
aiiblast which, in certain instances, such as proximity to 
urban areas, are not applicable. 


FAC E 



Fig. 19.17. Blast with one free face. 




Photo 19.3. Blast with two free faces. 


- Appearance of overbreak and fly rock in the back 
rows if fired with an incorrect sequence. 

- In very soft rock, reduction of the benefit of over 
break volume, as the number of blastings are reduced. 
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19.11 AVAILABLE EXPANSION VOLUME 

When rock is fragmented, there is an increase in volume. 
If the void where the material expands is less than 15% of 
the volume, the breakage mechanisms will be adversely 
affected and the rock fragments will tend to interlace, 
which results in compressed material. 

In underground blasts of great size, it is recommended 
that the available expansion volume be larger than 25% to 
achieve an adequate flow of rock towards the loading 
points and avoid the formation of hung-ups. 

In tunnel and drift driving, if the volume of the void in 
the cut is too small, the phenomenon of sinterization or 
plastic deformation of the finely broken material will be 
produced. Whenever possible, it is recommended that the 
available expansion volume be more than 15% of the 
actual volume of the cut. In the blasting designs where 
relief holes are not available, the push of the rock will be 
obtained by increasing the charge factor in that zone. 


19.12 CHARGE CONFIGURATION 

When blastholes are short, continuous charges will be 
used; but if they are quite deep, the best cost/ 
effectiveness relationship is obtained with deck charges. 

Harries and Hagan (1979) have demonstrated that the 
strain generated by detonation of an explosive charge 
increases when the ratio l/D is enlarged from 0 to 20, 
remaining constant from there on. This way, using the 
ratio l/D = 20, maximum fragmentation is obtained a- 
long with optimum burden value B 0 . If these charges are 
initiated in the central points, an intense fragmentation 
will be achieved in the hemispherical zone off each of 
their ends, concluding that a continuous charge with the 
ratio l/D = 52, is no better than a deck charge with a ratio 
I/P -=- 20 r and - a - st e mnring - oH - 2 - D, - F ? ig — I 9r l -9:- 




i^.J5.2Q._Shon.pixket_char^sjri_tl)ejiteraming_eadLaLtli£_blasi. 



Fig. 19.21 Improving bench top fragmention with additional smaller 
holes in drilling pattern. 


However, the use of deck charges can adversely affect 
performance of front end loaders as a consequence of 
reduced displacement and swelling of the material. Whe¬ 
re this problem is not a decisive factor, then the decision 
to use this type of charge configuration will depend upon 
the difference between the potential savings in explosives 
-mrchmerthe-degree-ofi 
involved in deck charging. 

The appeal of deck charging will increase as explos¬ 
ives become more expensive, stemming becomes mecha¬ 
nized and when vibrations are a conditioning factor, 
making it necessary to reduce the charge weight per hole 
by decked and sequenced explosives in the same blast- 
hole. 

In surface operations, the minimum bench height nec¬ 
essary for effective decked charges should be such as to 
give the ratio H/D >70 . 

In blastings where large blocks result from stemming, 
short pocket charges should be used. Fig. 19.20. 

When vertical drilling is carried out and the rock 
horizon in the zone of stemming is of greater strength 
than in the rest of the bench, it might be useful to drill 
relief or auxiliary blastholes which improve fragmenta¬ 
tion, Fig. 19.21. 


19.13 DECOUPLING OF THE CHARGES 

The Pressure-Time profile of the explosion gases can be 
controlled for the use of cartridge explosives with two 


Fig. 19.19. Continuous and decked charges. 
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Fig. 19.22. Blasthole Pressure-Time profile with or without charge 
decoupling:-- 


techniques known as ‘Decoupling and Spacing the char¬ 
ges’ . The first consists in leaving an empty space, or with 
inert material, between the explosive column and the wall 
of the blasthole. The second is based upon dividing the 
charge by means of air charge decks or dry, granular 
material. 

The experiments carried out by Melnikov (1972), us¬ 
ing 65 to 75% air decking, show that in some types of 
rock there is a marked improvement in fragmentation and 
uniformity of size distribution, lowering the percentage 
of secondary blastings from two to ten times, as well as 
the powder factor and vibration intensity. 

The effective pressure of the gases on the blasthole 
wall with decoupled or decked charges is given by: 

PB e = PB x {VJV b ) {2 

where: P = Blasthole pressure, V e and V b = Volume of 
the explosive and of the blasthole, respectively. 

At the pr e s ent time, t he-trends-for-contr oHing th e 
pressure profile consist of using bulk explosives to which 
a diluting substance is added, in the appropriate propor¬ 
tion. This method takes less time, is more cost-effective 
and is being widely used in contour blastings. 


19.14 EXPLOSIVES 

When choosing an explosive for a given operation, care¬ 
ful attention must be paid to the properties of the rocks to 
be fragmented, as well as to the explosives available on 
the market. 

When massive rocks are broken, almost all of the 
specific area of the material is created by the blast, and the 
explosives used should be of maximum strength and 
detonation velocity VD which produce high blasthole 
pressure. On the other hand, in highly stratified or fis¬ 
sured rocks, in which the total area of discontinuities is 
relatively larger than that created by the blasting, explos¬ 
ives of low density and detonation velocity are more 
efficient. 

Given that, apart from fragmentation, there must be 
swelling and displacement of the material in order to get 


good loading productivity, each case must be studied to 
determine the balance between strain energy ET and 
bubble energy EB. For a given explosive, these energies 
will depend upon the diameter of the charges, their dens¬ 
ity and initiation system. 

Emulsions or slurries have a high ET value and should 
be applied in hard massive rocks and in those situations 
where displacement is not an important factor, such as in 
VCR blasting, where the pieces of rock fall from the 
effects of gravity. 

When the detonation of an explosive creates too many 
fines, due to efect of crushing of the rock, low density 
agents, such as ANFO and the mixtures of ANFO with 
inert substances should be used. _ 


19.15 DISTRIBUTION OF EXPLOSIVES IN THE 
BLASTHOLES 

In bench blasting, Fig. 19.23, the necessary energy 
needed to produce rock breakage is not constant through- 



Fig. 19.23. Distribution of the explosive in a blasthole for rock frag¬ 
mentation in bench blasting. 



Photo 19.4. Preparation of the bottom charge. 
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out. In effect, the energy generated by the explosive 
should overcome the tensile strength of the rock in the 
section C DD’C’ and the shear strength in section 
A’B’C’D’. 

As the shear strength is greater than the tensile 
strength, a selective charge distribution should be used so 
that the specific energy in the bottom of the blasthole be 
from 2 to 2.5 times greater than the column energy. This 
means that explosives of high density and strength should 
be used in the bottom charges, such as dynamites, water- 
gels (slurries) and emulsions; and medium strength, low 
density explosives in the column charge, such as ANFO 
or low density watergels and emulsions. 

The bottom c harge should ha ve a length of at least 0.6 
B, so that its center of gravity is above or at least at the 
same level as the bench floor. According to Langefors, 
extension of the bottom charge to a length more than 
equal to the burden value does not contribute appreciably 
to breakage at bench toe level, therefore suggesting that 
the lower charge should be between 0.6 and 1.3 B. 

While the use of selective charges has customarily 
been with diameters under 165 mm, in which Langefors’ 
theory of elongated cyndrical charges is applied, in sur¬ 
face mining, with large diameters of 229 to 415 mm, the 
use of continous charges of bulk ANFO has been wide¬ 
spread and, in some instances, with selective bottom 
charges of aluminized ANFO, watergels or emulsions 
with lengths of 8 to 16 D. 

In these cases, the use of selective charges have the 
following advantages: 

- Increased drilling productivity as a consecuence of a 
larger pattern and a smaller length of subdrilling. 

- Better bottom breakage which eliminates toe prob¬ 
lems and favors the loading operation. 

- Lower drilling and blasting costs, especially in hard 
rock. 

same. 


19.16 POWDER FACTOR 

The quantity of explosive necessary to fragment 1 m 3 or 1 
t of rock is the parameter known as Powder Factor or 
Specific Charge CE. According to the opinion of numer¬ 
ous specialists, this parameter is not the best and only tool 
used to design the blasts, unless it is referring to a pattern 
explosive or is expressed as energetic consumption, 
basically because the spatial distribution of the explosive 
charges within the rock mass has great influence upon the 
results of the blasts. 

The CE of a blasting is increased by: 

- An increase in the diameter of the blastholes, the 
rock strength and degree of fragmentation, displacement 
and swelling desired. 

- A poor charge distribution, lower resistance to the 
ejection of the stemming, shooting against a concave, 
biplanar free face, or with a buffer of broken rock, inade¬ 
quate Length/Width ratio and unsatisfactory effective 
delay timimg of the charge. 



Fig. 19.24. Reduction of operative costs with the powder factor. 


Table 19.2. 


Types of rock 

Powder factor (kg/m 3 ) 

Massive high strength rocks 

0.6-1.5 

Medium strength rocks 

0.30-0.6 

Highly fissured rocks, weathered or soft 

0.10-0.30 


When using blastholes that are parallel to the free face 
and equilateral triangular patterns, initiated with se¬ 
quences in VI and V2, the specific powder factors will be 
lower. 

When CE is high, apart from giving good fragmenta¬ 
tion, displacement and swelling of the rock, there are less 
toe problems and it helps to achieve the optimum cost- 
effectivness of the operation, i.e. drilling, blasting, load¬ 
ing, haulage and crushing, Fig. 19.24. 

In Table 19.2, the typical values of CE, in different 
types of rock, for surface bench blasting are given. 

Inunderg«)undblasting.s,the-C£can-varyietween0r9 
and 7 kg/m 3 , depending upon the type of rock, free area, 
diameter of the blasthole and types of cuts. 


19.17 INITIATION AND PRIMING 

For a given explosive, by use of initiating devices or 
primers, the balance between the ET and the EB develop¬ 
ed during blasting can be varied, in order to accomodate 
the characteristic strengths and structures of the rocks.— 

Also, when an increase in strain energy is required for 
a section of harder rock within the blasthole, initiating 
devices can be placed at those levels. 

The types of devices, their effects on the charges and 
their positioning have been discussed in Chapter 14. 


19.18 DELAY TIMING AND INITIATION 
SEQUENCES 

The delay times between blastholes and the initiation 
sequences play an important role in blasting because they 
reduce the charge weight per hole and, as a consequence, 
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the levels of vibrations produced along with a more 
effective breakage and control over rock displacement, 
subdrilling, and flyrock. Later on, these design parame¬ 
ters will be analized in detail. 


19.19 INFLUENCE OF LOADING EQUIPMENT ON 
THE DESIGN OF THE BLASTS 

The results of a blast affect the productivity of the differ¬ 
ent types of loading equipment, not only because of the 
size distribution of the material, but also because of its 
swelling and the geometric profile of the muckpile. When 
rope or hydraulic shovels are used, the height of the bench 
will be the deciding factor for efficiency of the machines 
and the blasts should be designed so as to provide ade- 
quate fragmentation and a muckpile that is not too ex¬ 
tended with few low productivity zones, Fig. 19.25. 

- too clean 

- low productivity with shovel 

- high productivity with front end loader 

- very safe 

- not very clean 

- high productivity with shovel 

- low productivity with front end loader 

- dangerous 

- not very clean 

- acceptable productivity 

- safe 

If front end loaders are used, the tendency will be 
towards a type of blasting that produces maximum dis¬ 
placement and swelling of the rock, high fragmentation 
and reduced height of the muckpile, Fig. 19.25. 

In surface coal operations or with horizontal bedding 
planes where draglines are used, the present tendency is 
to use cast blasting which avoids use of a large boom, 


rehandling. 


19.20 SPECIFIC DRILLING 

Specific drilling is defined as the drilled hole volume or 
drilled hole length drilled per volume unit of rock. As in 
other design parameters, specific drilling is in function 
with the blastability of the rock. 

The equation used to calculate the specific drilling PS 
in ml/m 3 4 is: 

(///cos p + J) 

PS = - --- 

B 

- xSxH 


Burden (m), S = Spacing (m), (3 = Blasthole inclination 
(degrees), and if PS is to be obtained in 1/m 3 , the follow¬ 
ing is applied: 

(H/cos P + J) x [250 x 7 ixD 1 2 ] 

PS — 

B 

- xSxH 

COSp 

where: D = Drilling diameter (m). In Fig. 19.26 the 
Specific Drilling is expressed as function of D and the 
blastability of the rock. 

1. Very easy to blast. 

2. Easy to blast. 

3. Not so easy to blast. 

4. Difficult to blast. 

Blasthole diameter (mm). 

Fig. 19.27, represents a nomograph from which the 
volume of blasted rock per drilled lineal meter can be 
calculated from PS, according to the diameter of the 
blastholes and reciprocally. 




i 

__ . ■ 


-LARGE CLEAN UP AREA 
-LOW PRODUCTIVITY WITH ROPE SHOVEL 
-HIGH PRODUCTIVITY WITH WHEEL LOADER 
-VERY SAFE FOR EQUIPMENT OPERATORS 


1. VERY EASY TO BLAST 

- 2. EASY TO BLAST 

3. NOT SO EASY TO BLAST 

4. DIFFICULT TO BLAST 


A" 



-MINIMAL CLEAN UP AREA 
-HIGH PRODUCTIVITY WITH ROPE SHOVEL 
-LOW PRODUCTIVITY WITH WHEEL LOADER 
-DANGEROUS FOR EQUIPMENT OPERATORS 


PitvJ 

I i 


-LOW CLEAN UP AREA 
-ACCEPTABLE PRODUCTIVITY 
-SAFE FOR EQUIPMENT OPERATORS 




Fig. 19.25. Profiles of the muckpile after blasting. 


25 51 76 102 127 152 178 203 230 254280 305 
BLASTHOLE DIAMETER (mm) 

Fig. 19.26. Specific drilling of four types of rock in 12 m high 
benches. 
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8LASTHOLE DIAMETER (mm) 


51 64 76 89 



25 33 58 45 


19.21 BLASTHOLE DEVIATION 

The factors which cause blasthole deviation can be clas¬ 
sified in four groups, Fig. 19.28. 

First of all, the structural properties of the rock, such as 
the schistosity planes, the fissures, the loose open joints 
filled with soft materials, the lithological changes, etc. 
This group is especially important when the drilling 
direction is oblique to these planes. 

Secondly, if the chosen bit diameter is too large in 
comparison with the diameter of the drill steel, a devia¬ 
tion of the blastholes is produced due to lack of bending 
resistance in the drill string and a premature wear of the 


15 20 25 30 40 50 60 


YIELD OF ROCK PER DRILLED METER (m 3 /ml) 

Fig. 19.27. Relationship between yield of blast and specific drilling. 



Fig. 19.28. Deviation of blastholes and drilling errors. 


Table 19.3. _ 

System of alignment 

Manual 
With indicator 


Alignment error (%) 


4-7 

,0.5-1.0 


3-5 

0.2-0.5 



And, last of all, the errors in collaring and alignment, 
which are the most common in drilling operations. 

In collaring errors, it is frequent to find deviations of 
more than 10 cm or typically about one hole diameter. 
Alignment errors are usually caused by improper setting 
of the feeds. Some typical values are shown in Table 
19.3. 
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CHAPTER 20 


Bench blasting 


20.1 INTRODUCTION 


In the preceding chapters, the influence of rock properties 
upon fragmentation, the criteria for selecting explosives 
and the relation of each blast parameter and its effect 
upon the results obtained, have been analized. What now 
has to be determined is the geometric configuration of the 
blastholes, the explosive charges, the initiation sequence 
and the delay timing, which constitute the main problems 
in blasting practice. 

The extension of surface mining and the evolution of 
the drilling equipment have made bench blasting the most 
popular method of rock fragmentation with explosives. It 
has even been introduced and adapted for some under¬ 
ground operations. 

The bench blastings for surface operations are 
classified according to their purpose. Below, the most 
common types are mentioned: 

a) Conventional bench blasting. Pursuit of maximum 
fragmentation and swelling of the rock. 

b) Rip-rap blasting. To obtain large fragments of 
rock. 

c) Cast blasting. The use of explosives not only to 
fragment the rock but to also project a large quantity of it 
(overburden) to a pre-determined place, such as a spoil 
pile. 

d) Railway and highway construction blasting. Condi¬ 
tioned by the road plan and the terrain. 

e) Trench and ramp blasting. These are lineal opera¬ 
tions where, due to the shape and narrowness of the 
excavations, the confinement of explosives is high. 

f) Ground leveling and foundation blasting. These 
operations are usually over a small area and quite shal¬ 
low. 

g) Preblasting. This is to increase the natural fractures 
in the rock mass with little displacement. 

This chapter will study the first three types of blast¬ 
ings. 

Since the fifties, many formulas and methods to deter¬ 
mine geometric parameters such as burden, spacing, sub¬ 
drilling, etc. have been developed. These formulas use 
one or various groups of parameters: hole diameter, char¬ 
acteristics of explosives, compressive rhfekfe trength. etc. 
In Appendix I of this chapter, there is a re|j|pe of the most 
important formulas for calculation. 

Another common clasification for bench blastings is 
according to their blasthole diameters: 

- Small diameter blastings, from 65 to 165 mm. 


- Large diameter blastings, from 180 to 450 mm. 

In small diameter blastings , the Sw edish technique _ 

developed by Langefors and Kihlstrom can be followed, 
WhlUTin the larger it is better to use the cratertechnique 
established by Livingston or American criteria. 

However, due to the great heterogeneity of the rocks, 
the method of calculation should be based upon a conti- 
nous process of trial and error in order to arrive at 
conclusions. 

In the following paragraphs some simple rules are 
given for an initial approach to the geometric design of 
blasting and the calculation of the charges, characterizing 
the rocks exclusively by their uniaxial compressive 
strength. It is obvious that in each case, after the tests and 
analysis of the initial results, it will be necessary to adjust 
the patterns and explosive charges according to the 
degree of fissurization and structural control exercised by 
the discontinuities existing in the rock mass. 

20.2 SMALL DIAMETER BENCH BLASTING 

Small diameter blasts are those that range between 65 and 
165 mm drilling diameters and their principal applica¬ 
tions are in quarries, construction excavations and small 
surface miningoperations. 

The explosive charges are elongated cylinders with a 
ratio l/D > 100, and they are usually composed of two 
types of explosives, one for the bottom charge and the 
other for the column charge. 

20.2.1 Drilling diameters 

The choice of blasthole diameter depends upon the aver¬ 
age production per hour or rhythm of excavation and the 
compressive strength of the rock, Table 20.1. 

It must be taken into account that drilling costs usually 
descend as the diameter increases. 

20.2.2 Bench height 

The height of the bench depends upon the loading equip¬ 
ment and the drilling diameter. The recommended dimen¬ 
sions, taking into account the scopes and characteristics 
of each group of machines, are found in Table 20.2. 

For safety reasons, the maximum recommended height 
in mines and quarries is 15 m, and only for special 
applications, such as rip-rap blastings, should heights of 
20 m be reached. 
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Table 20.1. 


Blasthole diameter 
(mm) 

Average production per hour (m 3 b/h) 

Medium-soft rock 
< 120 MPa 

Hard-very hard rock 
>120 MPa 

65 

190 

60 

89 

250 

110 

150 

550 

270 


Table 20.2. 

Bench height H 

Blasthole diameter D 

Recommended load- 

(m) 

(mm) 

ing equipment 

8-10 

65-90 

Front end loader 

10-15 

100-150 

Hydraulic or rope 



shovel 





Table 20.3. 


Design parameter 

Uniaxial compressive strength (MPa) 

Low 

<70 

Medium 

70-120 

High 

120-180 

Very high 
> 180 

Burden - B 

39D 

37D 

35D 

33D 

Spacing - S 

51D 

47D 

43D 

38D 

Stemming - T 

35D 

34D 

32D 

30D 

Subdrilling - J 

10D 

1 ID 

12D 

12D 


20.2.3 Drilling, stemming and subdrilling patterns 

The burden B value depends upon the diameter of the 
blastholes, the rock characteristics and the type of explos¬ 
ives used. If the charge distribution is selective, with an 
explosive of high density and strength in the bottom and 
one of low density and medium strength in the column, 
the burden values oscilate between 33 and 39 times the 
blasthole diameter D, depending upon the compressive 
rock strength and the height of the bottom charge. 

The spacing between blastholes in the same row varies 
between 1.15 B for hard rocks and 1.30 for soft rocks. 


calculated according to the blasthole diameters and the 
compressive rock strength^ 

In Table 20.3, the tentative values of the geometric 
parameters, as function of the compressive rock strength, 
are indicated. 

20.2.4 Inclination of the blastholes 

In the range of diameters mentioned, the drilling rigs are 
usually rotory percussive top hammer, pneumatic and 
hydraulic, or down-the-hole hammer. These machines 
permit inclinations of the feeds with angles of up to 20° or 
more with respect to the vertical. 

The blasthole length L increases with inclination but, 
on the other hand, the subdrilling J decreases. To cal¬ 
culate L the following equation is used: 


where P represents the angle with respect to the vertical in 
degrees. 


Table 20.4. 


Design parameter 

Compressive strength (MPa) 



Soft 

Medium 

Hard 

Very hard 


<70 

70-120 

120-180 

> 180 

Bottom charge 
length - 1^ 

30D 

35D 

40D 

46D 


20.2.5 Charge distribution 

Taking into account the theory of selective charges, in 
which the energy per unit of length in the bottom of the 
blasthole should be from 2 to 2.5 times more than the 
energy required for rock breakage in front of the column 
charge and, in function with the compressive rock 
strength, Table 20.4 shows the recommended length for 
the bottom charges. 

The height of the column charge is calculated by the 
difference between the length of the blasthole and the 
sum of the stemming length and that of the bottom 
charge. 

The powder factor-varies between 250 and 550 g/m 3 
for the four rock groups shown. 

20.2.6 Example of application 

In a quarry, rock is extracted with a uniaxial compressive 
strength of 150 MPa in benches 10 m high. Drilling is 
carried out with a rotary percussive top hammer rig and a 
diameter of 89 mm. The explosives used are composed of 
a cartridged slurry of 75 mm in diameter and bulk ANFO 
with respective densities of 1.2 and 0.8 g/crn 3 . 

The drilling pattern and charge distribution are to be 
determined, maintaining the blasthole inclination at 20°. 

- Subdrilling: J - 12 D= 1.1m 

- Blasthole length 

H [ 20 \ 

L = -+ 1- \xj= 11.50 m 

cos 20° \ 100 J 

- Burden B = 35 D = 3.1 m 

- Spacing S = 43 D = 3.8 m 

- Volume of broken rock 


The stemming length and that of the subdrilling ai 
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Photo 20.2. Multi-row bench blasti ng 


H 

VR = B x S x - 

cos (3 


125.36 m 3 


- Yield of broken rock 


RA = 


VR 

L 


nr 

10.90 — 
m 


- Length of bottom charge = 40 x D = 3.6 m (It is 
considered that the weight of the column compresses the 
cartridges and their average diameter becomes 10% more 
than the nominal value). 

- Concentration of the bottom charge q f = 6.4 kg/m 

- Bottom charge = 23.0 kg 

- Length of the column charge l c = 5.1 m 

- Concentration of the column charge q c = 5.0 kg 

- Column charge Q c = 25.5 kg 

- Blasthole charge Q b = 48.5 kg 

- Powder factor 

- Or, -,- 

CE = — = 0.387 kg/m 3 

VR 


20.3 LARGE DIAMETER BLASTING 

Blasts fired with hole diameters between 180 and 450 mm 
can be accounted for in this group. Drilling is usually 
carried out with rotary rigs and rolling cone bits which are 
applicable in large surface mining operations and in 
certain civil engineering excavations such as for power 
stations, quarries for the construction of dams, etc. 

In this type of blasting, the design criteria was develop¬ 
ed from Livingston’s crater theory, with the cylindrical 
charges having a configuration such as to give l/D < 50. 


20.3.1 Drilling diameters 

As in small diameter blastings, the choice of this parame¬ 
ter is taken from the average production per hour and the 
type of rock to be fragmented, Table 20.5. 


20.3.2 Bench height 

The bench height is related to the reach of the rope 
shovels and the drilling diameter. According to the capac¬ 
ity of this loading equipment, the height in meters can be 
estimated with the following equation: 

H = 10 + 0.57 (C c - 6) 

where: C c = the bucket size of the shovel (m 3 ). 

Taking into account the compressive rock strength, the 
dimension of H can also be calculated from D with the 
average values indicated in Table 20.6. 

In some cases, the bench height is limited by the 
geology of the ore deposit, due to imperatives of ore 
dilution control and safety measures, as indicated before. 
—Generally-speaking,4n-metal-mining-a-relationship-oE 
H/B < 2 is maintained. 


20.3.3 Stemming 

The length of stemming is determined according to the 
diameter and compressive rock strength, Table 20.7. 


20.3.4 Subdrilling 

The subdrilling is usually calculated from blasthole di¬ 
ameter, Table 20.8. 

When vertical blastholes are drilled, the subdrilling of 
the first row reaches values of 10 to 12 D. 

Shorter subdrilling lengths than those indicated can be 
used in the following cases: 

- Horizontal bedding planes that coincide with the 
bench toe. 


Table 20.5. _ 

Blasthole diameter Average production per hour (m 3 b/H) 


(mm) 

Soft rock 
<70 MPa 

Medium hard 
70-180 MPa 

Very hard rock 
> 180 MPa 

200 

600 

150 

50 

250 

1200 

300 

125 

311 

2050 

625 

270 


Table 20.6. 


Design parameter 

Compressive rock strength (MPa) 


Low 

Medium-high Very high 


<70 

70-180 > 180 

Bench height - H 

52 D 

44D 37D 

Table 20.7. 

Design parameter 

Compressive rock strength (MPa) 


Low Medium-high Very high 

<70 70-180 >180 


Stemming-T 40 D 

32 D 

25 D 

Table 20.8. 

Design parameter 

Blasthole diameter (mm) 


180-250 

250-450 

Subdrilling -J 

7-8 D 

5-6 D 
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- Application of selective explosive charges. 

- Use of inclined blastholes. 

20.3.5 Inclination 

In the range of diameters indicated it is quite frequent to 
use rotary drilling. Owing to the inconveniences that the 
angulation of the mast presents in this type of drills, 
especially in hard rock, vertical drilling is systematically 
used. 

A typical example are the metal mining operations 
with bench heights of 10 to 15 meters. 

However, in soft rocks and with bench heights over 24 
meters, inclined drilling is recommended . This h ap p e ns in 
side casting type coal mining operations. _ 

20.3.6 Drilling patterns 

The burden B value, as already indicated, is in function 
with the charge diameter, the compressive rock strength 
and the specific energy of the explosive used. The diame¬ 
ter of the column charge usually coincides with the 
drilling diameter, as it is quite normal to use bulk explos¬ 
ives with mechanized charging systems from trucks 
which, apart from faster filling, allow variations in the 
characteristics of the explosive along the length of the 
column. 

In Table 20.9, the recommended burden and spacing 
values are indicated, in function with the type of rock and 
explosive used. 

20.3.7 Charge distribution 

In large surface operations, ANFO has been continually 
used as the only charge because of the following advant¬ 
ages: 

- Low cost 

- High Bubble Energy 

- Safety •> 

- Easy mechanization, etc. 

The use of watergels has been limited to those cases 
where the use of ANFO was not possible such as, for 
example, when the blastholes had water inside or simply 
when the cartridges in the bottom acted as initiators or 
primers for the rest of the charge column. 

At present, the development of emulsions and the 
possibility of mixing these with ANFO right in the charge 
truck (Heavy-ANFO) has given impulse to the use of 
selective charges. 

The system consists in creating a bottom charge of a 


Table 20.9. 


Type of 
explosive 

Design 

parameter 

Compressive rock strength (MPa) 

Soft 

<70 

Medium hard 
70-180 

Very hard 
> 180 

ANFO 

Burden -B 

28 D 

23 D 

21 D 


Spacing - S 

33 D 

27 D 

24 D 

Watergels/ 

Burden - B 

38 D 

32 D 

30 D 

emulsions 

Spacing - S 

45 D 

37 D 

34 D 



Photo 20.3. Marking of the mineral and the waste after a large diameter 
blast. 


high density explosive with a length of 8 to 16 D, accord¬ 
ing to the rock type, and filling the rest of the blasthole 
with ANFO. 

This charging technique gives minimum costs in dril¬ 
ling and blasting, along with optimum results in fragmen¬ 
tation, swelling, floor conditions and geometry of the 
muckpile. 

In large diameter blastings, the powder factors vary 
between 0.25 and 1.2 kg/m 3 . 

20.3.8 Application example 

In metal ore deposits, the blastings are drilled in a diame¬ 
ter of 251 mm with vertical blastholes, using two types of 
explosives, an emulsion for the bottom with a length of 8 
D and a density of 1.3 g/cm 3 and the rest bulk ANFO with 
a density of 0.8 g/cm 3 . 

Calculate the patterns and the explosivecharges know¬ 
ing that the bench height is H = 12 m and the compress¬ 
ive rock strength is RC = 110 MPa. 

- Subdrilling7 = 8D = 2.0m 

- Length of blasthole L = H + J = 14.0 m 

- Stemming T = 32 D = 8.0 m 

- Burden B = 23 D = 5.8 m 

- Spacing S = 27 D = 6.8 m 

- Breakage volume VR = BxSxH = 473.3 m 3 

- Yield of the breakage RA = VR/L = 33.8 m 3 /ml 

- Length of bottom charge l c = 8 D = 2.0 m 

- Concentration of bottom charge q^ = 64.24 kg/m 

- Bottom charge Qj = 128.5 kg 

- Length of the column charge l c = 4.0 m 

- Concentration of the column charge q c = 39.53 
kg/m 

- Column charge Q c = 158.1 kg 

- Blasthhole charge Q h - 286.6 kg 

- Powder factor 

CE = —- = 0.605 kg/m 3 
VR 
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20.4 BENCH BLASTING WITH HORIZONTAL 
BLASTHOLES 

In conventional bench blasting, the cut of the rock at floor 
level is achieved by subdrilling and by the concentration 
of high strength explosive in the bottom of the vertical 
blastholes. Even though this practice gives quite good 
results, there are cases in which the changing conditions 
of the rock masses make the cutting of the rocks in the 
lower part of the benches more difficult. In these situa¬ 
tions the drilling length can increase as well as the height 
of the bottom charge, or the pattern can be complemented 
with horizontal blastholes or lifters. In central Europe, 
this blasting technique is quite widespread, due to its 
advantages in difficult rock masses: 

—--improvedxutxrfthe-rock-at floor leveh- 

- Lower concentration of explosives at bench bot¬ 
tom. 

- Less fracturing on the ceiling of the underlying 
level. 

On the other hand, the following disadvantages exist: 

- Increase of specific drilling. 

- Special device on the drilling rig to be able to drill 
horizontally. 

- More moving of the drilling rig between the two 
work levels. 

Generally speaking, the blastholes are drilled with the 
same diameter, ranging from 89 to 110 m. 

As to the drilling patterns, the vertical blastholes are 
drilled up a distance of 0.5 to IB from the horizontal ones, 
which means that the theoretical burden in the horizontal 
blastholes becomes: 

B 2 = 0.5vlxfi 

having: B = Burden of the vertical blastholes (m), 
B 2 - Burden of the horizontal blastholes (m). 

The spacing betwe en the horizontal blastholes S 2 , with 
respect to those of the vertical ones is usually: 

S 2 = 0.5 S 

where: S 2 = Spacing between horizontal blastholes (m), 
S = Spacing between the vertical blastholes (m). 

The length of the horizontal blastholes H 2 depends 
upon the width of the blast, so it will be a multiple value 
of the burden of the vertical blastholes: 

_ H z = n B _ 

where: n = The number of rows of vertical blastholes. 


20.5 RIP-RAP PRODUCTION BLASTING 

In certain surface operations such as the construction of 
sea dikes and dams made of rock, materials with very 
specific and variable size distributions are necessary. The 
larger rock, within those distribution curves, is called 
rip-rap. 

The configuration of the blasting that produces large 
blocks is different from conventional bench blasting. 
Two basic objectives consist of getting an adequate cut at 
floor level and a clean separation along the plane formed 
by the blastholes with the minimum splitting of the rock 
in front of that plane, Fig. 20.2. 

The guidelines to follow for the design of rip-rap 
"Blastings are: 

——-Maxi mum—possible—be neh—height—within—safety- 
limits. Usually between 15 and 20 meters. 

- Drilling diameters between 75 and 115 mm. 

- Blasthole inclination between 5 and 10 degrees. 

- Subdrilling J = 10 D. 

- Length of bottom charge of 55 D, with explosives 
that give a high density. 

- Ratio between the burden and the spacing of BIS = 
1.4- 1.70. Sometimes values of 2 or more are used. 

- Bottom charge powder factor in function with the 
uniaxial compressive rock strength: 

> 650 g/m 3 for RC > 100 MPa 

< 500 g/m 3 forRC < 100 MPa 

- Intermediate stemming between the bottom charge 
and the column charge of approximately 1 m. 

- Charge density in the plane of the cut: 

> 500g/m 2 forRC > 100MPa 

< 250 g/m 2 forRC < 100MPa 

- Decoupled column charge with a ratio between the 
blasthole diameter and t h e charge diameter of around 2. 

- Stemming with a length of 15 D. 

- Instantaneous initiation sequence in the whole row 
of blastholes. 

With the indicated design criteria, the actual results 
obtained in a large number of blastings earned out in 
homogeneous rock are shown in Table 20.10. 


Table 20.10. 


Block weight (kg) 

Percentage (%) 



RC< 100 MPa 

RC> 100 MPa 

>3000 

30 

50 

1000-3000 

20 

25 

50-200 

25 

15 

Fines 

25 

10 



Fig. 20.1. Bench blasting with hori¬ 
zontal or lifter blastholes. 










196 


Drilling and blasting of rocks 





COLUMN CHARGE 


INTERMEDIATE 
STEMMING- 


Photo 20.4. Cast Blasting (Courtesy of Atlas Powder Co.) 


BOTTOM CHARGE 


Fig. 20.2. Blasting pattern for rip-rap production. 


20.6 CAST BLASTING 

At the beginning of this decade, a blasting technique was 
introduced that not only fragmented rock but also cast a 
large volume of it into spoil piles and pits, Fig. 20.3. 

The interest in this type of blasting is based on a 
reduced investment in machinery, operation and mainte¬ 
nance, as there is less manipulation of material due to the 
fact that a large volume of rock, from 40 to 60%, can be 
projected. 

This method is being applied with great success in coal 
mines in South Africa, United States, Australia and Cana¬ 
da, but it can also be used in deposits of other ores with a 
horizontal or moderately inclined configuration. 


requires a larger powder factor than hard rock. Also, the 
structural properties of the rock mass should be taken into 
consideration. 

When analyzing the actual blast criteria, the most 
important are: 

- Burden. Varies directly with the type of rock and the 
geology of the rock mass. The optimum displacement 
results are obtained with reduced burdens between 0.9 
and 1.35 m/(kg/m) 1/2 , using superior values when a 
limited casting is desired. 

- Type of explosive. The explosive is important not 
only for the energy it develops but for its actual yield. The 
ratio between burden and explosive energy governs the 
ejection velocity of material from the face and, as a 
consequence, the distance reached. Experimentally, this 
velocity has been calculated using the following equa¬ 
tion: 


According to Chironis (1982), Bauer et al. (1983), 


of criteria must be observed in order to design this type of 


/ 0 (m/s) = 1.14 x 


■ £(m) l-in 
[(Energy) 1/3 


blast; the operative anp those pertaining to the actual 


blast. 

The following conditions should be undertaken for 
operative criteria: 

- Bench height. A minimum height of 12 m is recom¬ 
mended, although a lesser height can also be used for cast 
blasting. 

- Pit width. The width of the pit left by a former 
blasting, which is equal to the width of the round, should 
be between 1 and 1.25 times the height of the face. 

- Wall angle. In order to optimize the results of the 


where: Energy (kcal/m) = 0.07853 x d 2 x p c x PAP, 
having: d = Charge diameter (cm), p c = Explosive density 
(g/cm 3 ), PAP = Absolute weight strength (cal/g). 

The minimum recommended velocity is around 15 
m/s. The maximum horizontal reach can be calculated by 
knowing the trajectory exit angle p with the following 
equations: 

V 2 x sin 2p 

DAf, =-(floor level rock) 

8 


operations, the active face walls can be excavated ver¬ 
tically with presplitting blasts fired before. With this, the 
burden remains constant throughout the front row, all the 
blastholes can be drilled vertically, the rock mass can be 
drained to allow use of explosives such as ANFO which 


DA/ 2 = V o x cos p 



are less expensive, etc. 


Presplitting has been carried out with blastholes of 251 
mm with 3 m spacing in soft rock and 5 to 6 m in hard 
rock and without stemming. 

- Type of rock formation. The type of rock to be 
displaced affects the blasting, as soft rock generally 


where: DM, = Distance travelled by a fragment along a 
horizontal line level with the height of the fragment 
above the pit floor (m), DM 2 = Total distance travelled 
by a fragment ejected from die face, accounting for the 
height above the pit floor (m). 
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- Spacing. The best results are obtained with rec¬ 
tangular staggered patterns and spacing between blast- 
holes of 1.3 to 1.6 times the burden. 

- Stemming. Depends upon the type of rock and the 
diameter of the blasthole. It is usually calculated to be 
between 20 and 25 D. 

- Subdrilling. So as to not harm and dilute the ore, a 
negative subdrilling is used, filling the bottom of the 
blasthole above the contact to a length that oscilates 
between 4 and 6 D. 

- Initiation sequences and delay timing. When only 


one face is involved, the initiation sequence is such that 
all the blastholes in the same row explode at the same 
instant and the delay is only between the rows themselv¬ 
es. 

If the blast has two free faces, the sequence is usually in 
VI, Fig. 20.5. 

The minimum delay times between blastholes are cal¬ 
culated with the practical rule of 20 to 35 ms/m of 
burden. 

- Powder factors. They generally oscilate between 
0.3 and 0.8 kg/m 3 for an ANFO type explosive. 
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Fig. 20.5. Initiation sequence VI for a staggered square pattern. 


Table 20.11. 


Rock 

blast- 

ability 

Rock group 
classifica¬ 
tion 

Compressive 

strength 

(MPa) 

Strain energy 

factor 

(FE) 

Strain 

factor 

(FV) 

Tertiary 

I 

27 

2.9 

2.5 


11 

30 

2.9 

2.5 


III 

66 

3.3 

2.8 

Cretaceous 

11 

21 

2.8 

2.8 


III 

49 

3.1 

2.7 

Pennsyl¬ 

VI 

87 

3.5 

2.6 

vanian 

VII 

122 

3.9 

2.4 


VIII 

108 

3.7 

2.5 


- Initiation. It should be such as to maximize the 
ubble-Energy atrthe~expen~s"e — of _ the _ "S train Energy in 


order to better use the energy developed in rock displace¬ 
ment. 

A method of calculating the blasts that produce maxi¬ 
mum displacement has been developed by D’Appolonia 
Consulting Engineers. At first glance it looks complex, 
but it is simple to apply as only four nomographs and five 
equations are used. 

The types of rock are classified by what is known as 
Strain Energy Factor and Blastability factor. Some 
examples are shown in Table 20.11. 

For better comprehension, the method is applied to the 
following example of blasting: 

- Drilling diameter D = 152 mm 

- Strain Energy Factor F£j = 3 
(This same value can be used if the rock characteristics 
are unknown.) 

- Height of bench H = 7.5 m 

- Desired throw distance of material DP = 1.8 m 

- Density of Explosive p e = 0.67 kg/m 3 

The steps for calculating are: 

1. Nomograph I. Draw a straight line to unite FE) = 3-, 


6. Nomograph II. Draw the straight line w hich unites 
/ = 379 m with q l = 15 kg/m to obtain the total charge per 


blasthole Q b = 68 kg. 

7. Nomograph IV. Using this nomograph and the Table 
of Blastability Factors, the optimum burden can be calcu¬ 
lated with FE = 3, FV = 2.6 and B o = 3.9 m. 

8. The values of B and B a are compared. If the values 
are approximately equal, no other information is necess¬ 
ary to calculate the rest of the blasting parameters, 
because the stemming and spacing are determined with: 

S = K 2 xB 
T=K { xB 

9. If B and B a are not equal, as in this case, K l and K 2 
are corrected by reducing them. D’Appolonia uses a rule 
of thumb which is K 2 = K], for another try. For this rea¬ 
son, if K { is chosen as 0.8, then K 2 = 0.51. These values 
are then used in the equations of Cj and C 2 . The process is 
repeated until B and B o are equal. 


with DP =18 and the powder factor is obtained, 
CE = 0.592 kg/m 3 . 

2. Nomograph II. Draw the straight line that joins 
D - 152 mm and p e = 0.87 kg, and the lineal concentra¬ 
tion of explosive is determined, q t = 15 kg/ml. 

3. The values of C, and C 2 are calculated considering 
that K { and K 2 are equal to 1, which implies that, for the 
moment, the burden and spacing are equal: 

10.66 x q x 


C, = 


C 2 - 


CE x K 2 
0.3 x F, x Cj 
H 


4. Nomograph III. Knowing Cj and C 2 , C 3 is calculated 
as 1.400, and moving to the right of the nomograph 
making C 2 and Cj equal to C 2 and C 3 , respectively, die 
burden is calculated as B = 3.6 m. 

5. The length of the charge in the blasthole is calcu¬ 
lated. 

/ = H - K x x B = 7.5 - 3.6 = 3.9 m 


RANGE 
DP (m) 


POWDER 
FACTOR 
CE (Kg/m*) 


STRAIN 
ENERGY 
FACTOR FEi 


Fig. 20.6. Nomograph I. 






Bench blasting 


199 




Fig. 20.8. Nomograph III. 


APPENDIX 1: FORMULAS TO CALCULATE 
BENCH BLASTING PATTERNS 

The burden, as indicated before, is the most critical geometric parame¬ 
ter in blast design. In order to determine the burden, during many 


decades, numerous investigations have been carried out and different 
methods of calculation have been developed. 

In Table 20A.1, the most well known formulas for calculating the 
burden are shown, as explained in the following paragraphs, and the 
parameters that take part in each one. 

The most complete formulas require knowing a large number of data 
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Table 20A. I. Matrix of the comparison of formulas to calculate burden value in bench blasting. 


Parameters used 


e 

<u 

•a 


c 


e 

</> 

< 


to 

c 


c 

X 


£ 


E 

•—t 

j 


Diameter of blasthole or 
of charge 

Bench height 

Length of blasthole 

Stemming 

Subdrilling 


Length of charge 


X 


Inclination of blasthole 

Rock density 

Compressive rock 
strength or equivalent in¬ 
dexes 

Rock constants or factors X 

Seismic velocity of the 
rock mass 

Density of the explosive 

Detonation velocity 

Detonation pressure 

Binomial rock-explosive 
constant 

Burden/spacing ratio 
Strength of explosive 
Loading equipment 


X 

X 


X 

X 


X 


X 

X 


X 

X 


X 


X 

X 


X 

X 

X 

X 


X 

X 


X 

X 


-X- 


X 

X 


g 

u 


c 

o 


X X 


X 

X 

X 


X 


which, in most cases, are not exact because the actual field character- 
Jstic s of the blasts change frequently and a global study i s not worth¬ 
while. 

For this reason, the authors of this manual feel that in a near future, 
all the classic equations are going to tje used as guidelines for designing 
tentative blastings and that afterwards, once the characteristics of the 
rocks have been determined through monitoring the blasthole drilling, 
the optimum patterns or the explosive charges in each blasthole for an 
established pattern, will be determined. 

On the other hand, when explosives that differ in strength from those 
used under given conditions with an established pattern, the hew 
burden value will be calculated with the following equation: 


B = Burden (feet). O' = Diameter (feet), L = Length of blasthole 
(feet), K = Empirical constant. 

AsTnrrrr any case s good results were obtained by making X = 1, and 
by taking the diameter in inches, the former equation when used in 
practice, ended up as: 

B = VD x L 

where: D = Blasthole diameter (inches). 

This formula does not take into account the rock properties nor those 
of the explosive. 

The burden value increases with the length of the blasthole but not 
indefinitely as usually happens in practice. 


_ _ _ . 1/3 

PRP of tfienew explosive - 

--x Burden = New burden 

PRP of the original explosive 

Following this, the spacing will be determined keeping the same 
relationship S/B as in the original pattern. 

As in the case of changing the drilling diameter, the new geometric 
pattern of the blast will be established from the new burden, obtained 
with the following: 


Diameter of the new blastholes 


- 2/3 


x Burden = New burden 


l Diameter of the original holes J 


2 . Fraenkel (1952) 

R x L 03 x / 0 ' 3 x £> 0 ' 8 

B = - - 

50 

where: B = Burden (m), L = Length of blasthole (m), I = Length of 
charge (m), D = Blasthole diameter (mm), RV = Resistance to blast¬ 
ing which oscillates between 1 and 6 in function with rock type. Rocks 
with high compressive strength (1.5). Rocks with low compressive 
strength (5). 

The following simplified relationships are usually put into practice: 

- B is reduced to 0.8 B <0.67 L. 

- I is taken as 0.75 L. 

- S should be less than 1.5 B. 


1 . Andersen (1952) 

B = KxflyxL 


3. Pearse (1955) 

Using the concept of the deformation energy per unit of volume, Pearse 
obtained the following equation: 


Olofsson 
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B = K v x 10“ 3 xDx 



RT 


where: B = Maximum burden (m), K v = Constant that depends upon 
the rock properties (0.7 to 1.0), D = Blasthole diameter (mm), 
PD = Detonation pressure of the explosive (kg/cm 2 ), RT = Tensile 
strength of the rock (kg/cm 2 ). 


4. Hino(1959) 

The calculation equation proposed by Hino is: 




1 In 


where: B - Burden (nr);—/)—Blasthole-diameter—(etn); 

PD = Detonation pressure (kg/cm 2 ), RT' = Dynamic tensile strength 
(kg/cm 2 ), n = Characteristic constant depending upon the par 
explosive-rock and calculated through the cratering test. 

PD 

log- 

RT' 

d/2 


where: D g = Optimum depth of the center of gravity of the charge (cm) 
determined graphically from the following equation values: 

^ = A £^ /3 

where: d = Diameterof the explosive charge, D g = Depth of the center 
of gravity of charge, A = Relationship of depths D g /D c , D g = Critical 
depth to center of gravity of charge, £ = Volumetric constant of 
charge, V - Volume of the charge used. 


5. Allsman (1960) 


/Impulse x g PD x D x Ar x g 


jt x p r x K 


P r x u 


where: = Maximum burden (m), PD = Mean adverse detona- 

tion pressure (N/m 2 ), At = Duration of the average detonation (s), 
Jt = 3.1416, p r = Specific rock weight (N/m 3 ), « = Minimum veloc¬ 
ity which must be imparted to the rock (m/s), D = Blasthole diameter 
(m), g = Gravity acceleration (9.8 m/s 2 ). 


6. Ash (1963) 

K.. x D(in) 

B(ft) = —- 

12 



Photo 20.5. Results of a single-row blast in a 20 m high bench. 


Table 20A.2. 


Type of explosive Rock group _ 

Soft Medium Hard 


Low density (0.8 to 0.9 g/cm 3 ) and low 
strength 

30 

25 

20 

Medium density (1.0 to 1.2 g/cm 3 ) and 
medium strength 

35 

30 

25 

High density (1.3 to 1.6 g/cm 3 ) and high 
strength 

40 

35 

30 


Table 20A.3. 


Type of rock 

F r (k g/m 3 ) 

RC (MPa) 

RT (MPa) 

I 

0.24 

21 

0 

II_ 

0.36 

42 

0.5 

III 

0.47 

105 

3.5 

IV 

-0:59- 

— F76- 

—8t5-- 


where K B depends upon the rock group and the type of explosive used. 
Table 20A.2. 

- Blasthole depth L = K L x B (K L between 1.5 and 4) 

- Subdrilling J = Kj x B (Kj between 0,2 and 0.4) 

- Stemming T = K T x B (K T between 0.7 and 1) 

- Spacing S = K s x B 2 K s = 2.0 for simultaneous initiation. 

K — 1.0 for sequenced blastholes with long delay. 

K s = between 1.2 and 1.8 for sequenced blastholes with short delay. 


7. Langefors(1963) 

Langefors and Kihlstrom propose the following equation to calculate 
the Maximum Burden value B max - 


fi m ax=- 


D p e x PRP 


33 \cxfx(S/B) 


where: B max = Maximum burden (m), D = Diameter in the bottom of 
the blasthole, c - Rock constant (calculated from C), / = Degree of 
fixation (vertical blastholes/= 1, inclined blastholes 3:1 f = 0.9, 
inclined blastholes 2:1 /= 0.85), S/B = Spacing/burden ratio, = 
Loading density (kg/dm 3 ). PRP = Relative weight strength of the 

explosive (4 - L 4 ) .-- 

The constant c is the quantity of explosive necessary to fragment l 
m 3 of rock, normally in surface blasts and with hard rock c = 0.4 is 
taken. This value is modified in accordance with: 

B = 1.4 - 15 m, c = c + 0.75 
B < 1.4 m, c = 0.07/B + c 

The practical burden is determined from: 

® = ®max ~ e ~ H 

where: H = Bench height (m), e = Collaring error (m/m), d b = Blast- 
hole deviation (m). 


8. Hansen (1967) 

Hansen modified the original equation proposed by Langefors and 
Kihlstrom, arriving at the following: 


Q b = 0.028 |-+ 1.5 j x B 2 + 0.4 x F r |-+ 1.5 j x B 3 


where: Q b = Total explosive charge per blasthole (kg), H = Bench 
height (m), B = Burden (m), F r = Rock factor (kg/m 3 ) 

The rock factors F r are determined by using the Table 20A.3. 

9. Dear (1972) 

The equation developed by Ucar is: 

1.5 x B 2 H + 2B x 9| - 3tf x q, = 0 

where: B = Burden (m), H = Bench height (m), = Charge concen¬ 

tration (kg/m). 
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The value of B is obtained by solving the former second degree 
equation. 

This author starts from the following hypotheses: 

Powder factor (0.4 kg/m 3 ). 

Total explosive charge per blasthole (kg) 

Q b = 0.4 x B x S x H. 

Lineal charge concentration (kg/m) 

<7, = P e x (D/36) 2 . 

Length of charge (m) l = H - B + S/3. 

Spacing equal to burden. 

where: p e = Density of explosive (g/cm 3 ), D = Charge diameter 
(mm), S = Spacing (m). 


10. Konya (1972) 


B = 3.15 x D x 

P, 

0.33 


■Pr. 



where: B = Burden (feet), D = Diameter of explosive (inches), 
P e = Specific gravity of explosive, p r = Specific gravity of rock. 

The spacing is determined from the following eq uations. 
Instantaneous single-row blastholes. 

H+ 2B 

H < 4B, S =- 

3 

H > 4S, S = 2B 

Sequenced single-row blastholes. 

H+1B 

H < 4S, S =- 

8 

H > 4B, S = 1.4 B 

Stemming 
Massive rock T = B 
Stratified rock T = 0.7B 

11. Fdldesi(l 980) 

The Hungarian method for calculation proposed by Foldesi and his 
collaborators is the following: 


2.4 x p x 


VD 


4000 


x(// + )- 7)xlr 


10 x RC 


= 0 


where: B = Burden (m), S = B, H - Bench height (m), K = Constant 
(12.5 for rope shovel and 51 for dragline), p e = Specific gravity of 
explosive, VD = Detonation velocity of explosive (m/s), J = Sub¬ 
drilling (m), T = Stemming (m), D = Blasthole diameter (mm), RC = 
Compressive strength of the rock (MPa). 

The value of B cannot be determined directly and it is necessary to 
have a micro computer to calculate it by successive approximations. 


13. Lopez Jimeno, £ (1980) 

Modifies-AshH ; fo r mula by incorporati ng-the-seismic velocity to the 
rock mass, resulting in: 

B = 0.76 x D x F 


where: B = Burden (m), D = Diameter of blasthole (inches), F = 
Correction factor based on rock group and type of explosive. F = 
frxfe. 


fr- 


2.7 X3500 


,0.33 


p r xVC J 


fe = 


pxVD 


1.3 x3660 2 


0.33 


where: p r = Specific gravity of rock (g/cm 3 , VC = Seismic propoga- 
tion velocity of the rock mass (m/s), pe = Specific gravity of explosive 
charge (g/cm 3 ), VD = Detonation velocity of explosive (m/s). 

The indicated formula is valid for diameters between 165 and 250 
mm. For larger blastholes the burden value will be affected by a 
reducing coefficient of 0.9. 


14. Konya (1983) 


B = 0.88 x D X 



where: B = Burden (m), D = Blasthole diameter (mm), p e = Specific 
densith of the explosive in the blasthole (kg/m 3 ), CE = Powder factor 
(kg/m 3 ). 

0.693 

m = 1 +- 

ln(p g x VD 2 ) - In RC - 1.39 


B= 


2 Pe 


-+ 1.5 


x d 


L Pr J 

wh ere: B = Burden (feet), 0, = Specific gravit y of explosive, p r = 
Specific gravity of rock, d = Diameter of explosive (inches). 

Other design parameters determined from the Burden are: 

- Spacing (feet) 

- Instantaneous initiation single-row blastholes 


H + 2B 


Low benches: H < 4B, S = - 

3 


where: VD = Detonation velocity of explosive (m/s), RC = Com¬ 
pressive rock strength (MPa). 

In instantaneous initiation take 2.2 < m < 2.8, and for sequences 
with delay initiations take 1.1 < m < 1.4. 

Other parameters are: 


Spacing S = mx B 
Distance between rows By = 1.2x8 

BxVD 

Stemming T = 1.265 x-x 

VC 


High benches: H > = 4B, S = 2 B 

- Delayed initiation single-row blastholes 

H + 7B 

Low benches: H < 4B, S -- 

8 

High benches: H > = 4B, S = 1.4B 

- Stemming (feet) T =0.7 B 

- Subdrilling (feet) J = 0.3 B 


where: p s is the density of the stemming material in the blasthole. 
Subdrilling J = 0.3 x B 


15. Berta (1985) 

The formula used by this author is: 


12 Praillet(mO) 

Based on the formula of Oppenau, Praillet proposes the following 
equation to calculate B. 

, B 2 x(HxK) 

B i +- 

D 


B = d 


ttxp e 

U xCE 


where: B = Burden (m), d = Charge diameter (m), p e = Density of 
explosive (kg/m 3 ), CE = Powder factor (kg/m 3 ). 
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To determine CE, the following equation is used: 

8f x e s 

CE =- 1 - £ - 


having: gy = New surface created by crushing, referred to as the unit of 
rock volume (m 2 /m 3 ). Taking that gy = 64/M, where M is the maxi- 
mun dimension of the blast material, E J = Specific surface energy 
(MJ/m 2 ), e = Energy per unit of mass (MJ/kg), n j = Impedance 
factor, « 2 = Coupling factor, = Breaking factor, normally 0.15. 

At the same time, the values of rty and n 2 and calculated from: 

(p e xVD- p r x VC) 2 

n { =- 

(p e X VD + p r x VC) 2 


_ Z tP' d -(e- n _ 

where: VD = Velocity of detonation (m/s), VC = Seismic velocity 
(m/s), p r = Density of the rock (kg/m 3 ), D = Blasthole diameter (m). 


16. Bruce Carr (1985) 

The method proposed by Carr includes the following calculations: 

- Characteristic impedance of rock 

VC 

Z f = 1.31 x p r x- 

1.000 

where: p r = Specific gravity of the rock, VC = Sonic velocity of the 
rock (feet/s). 

- Detonation pressure of the explosive: 


0.418 xp { x 

VD l 2 

.1.000. 

0.8 x p e 

+1 


having: p e = Density of explosive, VD = Detonation velocity of 
explosive (feet/s). 

- Characteristic powder factor 

Z r 

CEC = —— 

PD 

- Spacing between blastholes 



where: d = Charge diameter (inches). 

- Burden B = Sx 0.833 

- Stemming T = B 

- Subdrilling J = (0.3-0.5) x S 

17. 80 Olofsson (1990) 

Olofsson offers the following simplified equation based on Langefors’ 
formula: 

B max = * x ^f x R l x *2 x *1 

where: K = Constant that depends upon the type of explosive; Gelatin- 
like’explosives 1.47; Emulsions 1.45; ANFO 1.36. q, = Concentration 
of the bottom charge of the chosen explosive (kg/m), = Side 

inclination correction factor, R 2 = Rock type correction factor, 
= Bench height correction factor. 

The correction factors R^ and R 2 are determined for the different 
work conditions with the following tables: 


Table 20A.4, _ 

Inclination °°:1 10:1 5:1 3:1 2:1 1:1 

R, 0.95 0.96 0.98 1.00 1.03 1.10 


Table 20A.5. _ 

Rock constant‘C’ 0.3 0.4 0.5 

R 2 1.15 1.00 0.90 


When the bench heights satisfy H < 2B max and the drilling diame¬ 
ters are smaller than 103 mm, the value of R 3 is obtained with the 
equation: 2 


R 3 = 1.16 - 


H 2 

0.16 — 
H. 


where: H l = Actual bench height, H 2 = Bench height = 2B max 
(H 2 > H { ). 

To calculate the practical burden, the same formula as in Langefors 
method is applied. 


18. Rustan(1990) 

The equation for the burden of surface mines is: 

B = 18.1 • D°' 68 ^(+ 52% maximum expected 
value and - 37% minimum value) 

where: D = Blasthole diameter (between 89 and 311 mm). This for¬ 
mula was obtained by regression analysis from a 73 statistic data, with 
a corelation coefficient of r = 0.78. 

For underground mines, taken from 21 field examples, the burden 
formula is: 

B = 11.8 • D°’ 63 V 40% maximum expected 
value and - 25% for the minimum value) 

where: D = Blasthole diameter (between 48 and 165 mm) and the 
correlation coefficient r = 0.94. 
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CHAPTER 21 


Blasting in other surface operations 


21.1 INTRODUCTION 


In this chapter, other types of surface excavations that 
require explosives will be briefly studied. 

There is a combination of operations that are character¬ 
ized by their great length and by the changing conditions 
of geometry and properties of the rock to be broken, 
which impose the design of the projects and the profile of 
the ground. Such is the case in excavations for highways 
and railways, as well as for pipelines. 

Finally, the blastings to open ramps, for ground level¬ 
ling and foundations, and for swelling of rocks or 
preblastings, will be discussed. 


21.2 EXCAVATIONS FOR HIGHWAYS AND 
RAILWAYS 

The rock excavations done by blasting in highway and 
railway construction are of two different types: through 
cut (1) and side hill cut (2), Fig.21.1. 

In both cases, the tendency is to do the excavation in 
one shot, however when the cuts are deep (> 15 m), it is 
sometimes necessary to carry out the operation in two 

are: 

- Safety. s 

- Limits in noise, airblast and vibration levels. 

- Advance velocity. 

- Capacity of the loading equipment, etc. 

Due to the importance of rock condition in the remain¬ 
ing walls, especially those of elevated height, it is normal 
to finish the excavation with contour blastings, which is 
another reason to keep the depth of cut from 10 to 12 m, in 
order to maintain drilling precision. 


21.2.1 Drilling diameters 

Normally, small diameter blastholes are used because of 
the following advantages: 

- Better pattern adaptation to irregular ground 
profiles. 

- Good rock fragmentation due to better distribution 
of the explosives. This enables the loading to be 
carried out with less equipment. 

- Lower vibration and airblast levels. 

- Possibility of contracting drilling and blasting 
teams, and 


- Less damage in remaining rock which lowers the 
cost of grouting and supporting. _ 

The usual diameters vary between 65 and 125 mm. It is 
not unusual to carry out the production - btasts - witlr 
calibers between 89 and 125 mm and the contour blast¬ 
ings between 65 and 75 mm. 

Apart from small sections which can be drilled with 
handheld drills and are used as work platforms for subse¬ 
quent phases, the drilling rigs are usually crawlers with 
top hammer. 

As the drilling diameter is influenced by the bench 
height, in through cuts the blastholes may be larger than 
in side hill cuts. In general, the following relationship 
should exist: 

D = H! 60 

where: D = Blasthole diameter, H = Excavation depth. 


21.2.2 Drilling lengths 

The blasthole lengths depend upon the bench height, the 
inclination, which is usually 15 to 20 degrees, and the 
necessary subdrilling which depends upon the compres- 
sive ro ck strength: 


L = 


H 

COS p 


1 - 


100 


x J 


where: p = Angle with respect to vertical in degrees, 
H - Bench height (m), J = Subdrilling, estimated from 
Table 21.1. 


21.2.3 Charge distribution and stemming 

In this type of blasting, selective explosive columns are 
used. The bottom charges are gelatin dynamites or slur¬ 
ries, and ANFO is used in the column charges. 

Table 21.2 shows the recommended lengths for bottom 
charges and stemming in different types of rock. The 
heights of the column charges are calculated by the 
difference between the length of the blastholes and the 
sum of the bottom charges and stemmings. 


21.2.4 Drilling patterns 
Trench cuts 

These are always carried out with vertical blastholes and, 
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Table21.1. 


Design parameter 

Uniaxial compressive strength (MPa) 


Low 

Medium High 

Very High 


<70 

70-120 120-180 

> 180 

Subdrilling- J 

10 D 

11D 12D 

12 D 


Table 21.2. 


Design parameter 

Uniaxial compressive strength (MPa) 


Low 

<70 

Medium High 
70-120 120-180 

Very high 
>180 

Bottom charge length - / f 
Stemming-T 

30 D 
35 D 

35 D 40 D 

34 D 32 D 

46 D 

30 D 



Table21.3. 


Design parameter 

Uniaxial compressive strength (MPa) 

Design parameter 

Low 

<70 

Medium High 
70-120 120-180 

Very high 
>180 

Burden - B 

39 D 

37 D 35 D 

33 D 

Spacing - S 

51 D 

47 D 43 D 

38 D 


Table 21.4. 


Design parameter 

Uniaxial compressive strength (MPa) 


Low 

<70 

Medium High Very high 

70-120 120-180 > 180 

S/B-Ratio 

1.25 

1.20 1.15 1.15 

Powder Factor - CE (kg/m 3 ) 

0.30 

0.35 0.42 0.49 


ORIGINAL SURFACE 




Fig. 21.1. Excavations with through (1) and side hill (2) cuts. 





Fig. 21.2. Side hill cut excavations 


Fig. 21.3. Opening ot access ways tor posterior sidediilt cutsr 


according to the H/D relationship, two different cases can 
be distinguished. 

a) H > 100 D. This is the most common in bench 
heights of 10 to 12 m. The burden and spacing values are 
calculated from Table 21.3. 

b) H < 100 D. In these cases the burden is calculated 
from the equation: 

Q h l 0 ' 5 

B= -^- 

S H 

- x-x CE 

cos P 

where: Q b = Total charge per blasthole (kg), H = Bench 
height (m), S/B = Relationship between Spacing and 
Burden (Table 21.4), CE = Powder factor (Table 21.4), 
P = Angle with respect to the vertical in degrees. 

Side hill cuts 

This type of operation can bexarried out in three different 
ways. 

a) Vertical blastholes, either parallel or in fan cut. 

b) Vertical and horizontal blastholes. 

c) Horizontal blastholes or lifters. 

The opening of the access ways pointed out in Fig. 21.2 
with the letter A are usually carried out with the same 
drilling equipment that will be used for production dril¬ 
ling, although with a smaller diameter; using horizontal 
blastholes that are parallel to the profile, in sufficient 
number to open platforms with a width of between 6 and 
9 meters. The work cycle is discontinuous because after 
each round it is necessary to take away the broken rock, 
usually with a crawler tractor, to enable drilling of the 
next blast. 

Charging with cartridge explosives is hard work and 
for this reason, if water is not present, pneumatic ANFO 
chargers are used. 

The stemming lengths are determined according to 
Table 21.2. Clay plugs may also be used to facilitate the 
execution and effectivity. 

Lifter blastings have the following advantages: 

- They require minimum preparation. 
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- Rock breakage costs are low due to the benefit of the 
rock that is detached by effect of gravity. 

However, there are serious problems which do not 
make them recommendable for large projects: 

- Large quantity of flyrock as the charges act as 
incrater blasting. 

- The remaining mass is left quite deteriorated with 
hanging rocks and, on occasions, with inverted walls. 

If drilling is done vertically, apply the values indicated 
for the relationship H < 100 D. 

When horizontal or lifter holes are used, the calcula¬ 
tion for the pattern will be based upon the equation: 

S = 3 x VZTxT 

where: S = Spacing (m), D = Blasthole diameter (m), 
L = Blasthole lengthlm^ 

If the bench height is under 5 m, a single-row of 
blastholes will be used, between 5 and 8 m two rows, and, 
for more than 8 m, three or more rows. 

21.2.5 Initiation sequences 

The initiation sequences should give good fragmentation 
and displacement of the rock and, at the same time, 
maintain the vibration levels within an acceptable limit. 

The size of the blastings should be as large as possible 
to avoid excessive movement of the machinery, road 
traffic interuptions, etc., and to do this, sequential blast¬ 
ing machines or milisecond delays are used. 

Through cuts 

The usual patterns are rectangular, Fig. 21.4, or in equila¬ 
teral triangle, Figs 21.5 and 21.6. 

The recommended triangular patterns are those found 
in Fig. 21.6, because the one shown in Fig. 21.5 gives an 
irregular slope profile. 


MILLISECOND 

RELAY 



Fig. 21.4. Rectangular pattern with initiation sequence in V1. 



Pig. 21.57TrianguIar pattern witfTmitiation sequence in VTT 



MILLISECOND 

RELAY 



INITIATION 

POINT 


Fig. 21.6. Triangular patterns with initiation sequence in V and in 
line. 


Side hill cut 

The break direction of the blast can usually be normal to 
the direction of the outline or, even more frequently 
parallel to the same, Fig. 21.7. In the first instance, there 
is a risk of uncontrolled rocks rolling downhill and, 
subsequently, a more costly clean-up operation, as the 
broken rock will not be gathered in a pile. 

When horizontal and vertical blastholes are combined 
in a blast, it is usually convenient to carry out the excava- 
tation in phases, taking away the broken rock from the 
first round before firing the next. If, because of opera¬ 
tional necessities, blasting is one time, the initiation se¬ 
quence should be as indicated in Fig. 21.8. 
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They are used in drainage constructions, sewer sys¬ 
tems, water and electrical conducts, gasoducts and oleo- 
ducts. 

As the rock is more confined in these blastings, higher 
powder factors are used than in conventional bench blast¬ 
ing. This circumstance, together with more closed dril¬ 
ling patterns, results in a higher cost operation. 



Fig. 21.8. Initiation secuence in section with vertical blastholes and 
lifters. 


21.3 TRENCH BLASTING 

Trench excavation with explosives presents a series of 
particular characteristics which call for a modification in 
design criteria for bench blastings and an adaptation of 
the same to different rock properties as well as taking 
special precautions such as control of vibration and fly- 
rock because these operations are usually carried out near 
urban areas. 

Trenches are the lineal surface operations with a width 
of between 0.8 and 3 m, and a depth that can oscillate 
between 0.5 and 5 m. 



Photo 21.1. Trench blasting. 
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21.3.2 Drilling patterns 

The drilling patterns depend basically upon the size of the 
excavation, with the burden value being set in function 
with the blasthole diameters, Table 21.6, and the spacing 
taken from the width of the excavation, Table 21.7. 

21.3.3 Subdrilling, stemming and inclination 

Subdrilling J is usually considered as 0.5 times burden 
value with a minimum value of 0.2 m. 

The stemming is normally given a length equal to that 
of the burden. 

The inclination of the drills usually favors bottom 
■breakagersuggesting-thaHhe-driHmg-should-be-earried- 

and 18.5° (2: land 3:1). 

21.3.4 Charge distribution and types of explosives 

The most adequate explosives for trench excavation are 
those with high density and energy, as it is necessary to 
take maximum advantage of the total drilled hole volume. 
Therefore, gelatin dynamites, watergels and cartridged 
emulsions are the most common. 

At the present time, two types of trench blastings are 
distinguished: conventional and smoothwall. The first 
have patterns in which the central blastholes are placed in 
front of the contour ones which break immediately after¬ 
wards, Fig. 21.9. The explosive charges are the same in 
all blastholes. The concentration of explosive in the col¬ 
umn charge is considerably less than in the bottom charge 
(between 25 and 35%). 

The type of blastings called smoothwall are character¬ 


ized by having the central blastholes in line with the 
contour ones and use diferent explosive charges, depend¬ 
ing upon the position of the blastholes, Fig. 21.10. In the 
central holes the bottom and column charges are in¬ 
creased and in the contour holes they are reduced, while 
the stemming decreases to a length of 10 D in the latter. 

In order to calculate the lengths of the bottom charges, 
the following equations are used, Table 21.8, where H is 
the depth of the trench to be excavated in m. 

The column charges can be made up of explosive 
agents (e.g. ANFO) with less strength and energy, or with 
cartridges similar to those in bottom but with a smaller 
diameter. 

As to the advantages of one or the other type of 
blasting, in the conventional the charging is more simple 

more overbreak as the contour blastholes have a smaller 
breakage angle and are more confined. Fig. 21.11. 

The smoothwall blastings have the advantage of rec¬ 
tangular or symmetrical drilling patterns which are easier 
to replan and reduce the volume of overbreak in the walls 
of the trench. On the other hand, the explosive charges 
become complicated as they are different in the contour 
and lateral blastholes, and the vibration levels are supe¬ 
rior as a consequence of the larger charges of the latter. 


Table 21.8. 


Conventional blastings 

Smoothwall blastings 

All the blastholes 

Central blastholes 

0.4 + (H-1)/ 5 

1.3 [0.4 + (H~ l)/5] 


Contour blastholes 


0.7 [0.4 + (H-l)/5] 



qc-0,4qf 


T-TP 

X 

1 

\ 



1 

1 

t 

Y \ 

• • • • #0.76-1,64X1 \ 



1 

1 

_r 

, t T t . J 






— 

— 






T 

trr \ 

1,5-3m \ 


—!- 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 


— 

V 

T-8 


-1- 

r-0,48 

/ 

/ 

/ 

/ 

/ 

qo-0,2qt 

/ 

/ 

/ 

/ 


n 

<P 




Fig. 21.10. Smoothwall trench blasting. 
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5« 
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8ft 

7« 

8* Fig. 21.11. Overbreak zones in the different 
types of blastings. 




Fig. 21.12. Initiation sequences. 


21.3.5 Initiation sequences 

The charge initiation patterns in trench blastings should 
produce good fragmentation and rock breakage while, at 
the same time, maintaining overbreak at a minimum. 

In Fig. 21.12 the recommended initiation sequences 
are indicated, depending upon the number of blasthole 
rows. 

In order to increase the length of the rounds, sequenced 
blasting machines or milisecond delays can be used. 

2076 Control of alterations 

Owing to the confinement and high powder factors used 
in this type of work, it is absolutely necessary, in inha¬ 
bited areas, to use protection systems against flyrock. 

As to vibration control, which is discussed in detail in 
Chapter 33, the most frequent measures taken are based 
upon the reduction of the operative charge by means of: 

- Decreasing the drilling diameter. 

- Using deck charges, and 

—^Dividing the blasts into phases. 


21.4 RAMP BLASTING (SINKING CUT) 

The continous deepening of the surface operations make 
ramp blastings obligatory every time a new level is 
opened. 

According to the design in Fig. 21.13, for a ramp with a 
depth H, the projected length LD is: 

H Hx 100 

LD =- 

tag a 


where: a = Ramp inclination in degrees, P r = Per¬ 
centage of the ramp grade. 

In the theory and design of blasts, there is a constant 
relationship between the size of the burden B and the 
subdrilling J, for a given diameter of blasthhole D, so: 


B = K { x J 

On the other hand, it has been proved that for spherical 
charges of J length, hurried under a stemming length H, 
that the craters have profiles that are close to the optimum 
if the relationship Charge Depth/Blasthole Radius is: 


(FT + '4 1') 

V 2 D 


= 19 ± 1 


Taking that H is the cut depth in the most superficial line 
of the ramp, the following exists: that: 

/ = 2.4 D 

and 

If = 8rTD 

In Fig. 21.11, it is observed that because of triangle 
similarity: 

H' + J' H + J 

-= - = K 

LD' + X LD + X 


where: X = Horizontal distance between the theoretical 
line of the blasthole bottoms and the beginning of the 
ramp. 


(//' + f) x (///tag a )-(H + J)x (//'/tag a) 


P. 


(H + J)-(H' + f) 
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The former equations can be applied to the calculations of 
the designs of each of the rows in a ramp blasting. 

As the calculations are repetitive, it is common to use 
computers, as indicated in the adjoining listing, Table 
21.9. 

Nomographs are also used as the one in Fig. 21.14, 
made up for initial data that has already been established. 
In this case with D = 223 mm,// = 12 m, J = 1.8 m, P r = 


HORIZONTAL 
DISTANCE (LD) 


CUT DEPTH 


Table 21.9. Design for ramp blasting. Blasthole diameter (mm) = 250; 
Bench height (m) = 12; Design B = S (m) = 7; Subdrilling (m) = 61.8; 
Grade of ramp (%) = 8. 



Row 

Distance 

Height 

Burden 

Subdrilling 

1 

143.00 

1 1.44 

6.73 

1.73 

2 

136.26 

10.90 

6.48 

1.66 

3 

129.78 

10.38 

6.23 

1.60 

4 

123.54 

9.88 

6.00 

1.54 

5 

117.53 

9.40 

5.77 

1.48 

6 

111.75 

8.94 

5.56 

1.43 

7 

106.19 

8.49 

5.35 

1.37 

8 

100.84 

8.06 

5.15 

1.32 

9 

95.69 

7.65 

4.95 

1.27 

10 

90.73 

7.25 

4.77 

1.22 

11 

85.96 

6.87 

4.59 

1.18 

12 

81.37 

6.50 

4.41 

1.13 

1 7 


42 I C 

A -1C 

i no 

1 J 


0.1 j 


I .U7 

14 

72.70 

5.81 

4.09 

1.05 

15 

68X0 

5.48 

3.93 

1.01 

16 

64.67 

5.17 

3.79 

0.97 

17 

60.88 

4.87 

3.64 

0.93 

18 

57.23 

4.57 

3.51 

0.90 

19 

53.72 

4.29 

3.37 

0.86 

20 

50.34 

4.02 

3.25 

0.83 

21 

47.09 

3.76 

3.12 

0.80 

22 

43.96 

3.51 

3.01 

0.77 

23 

40.95 

3.27 

2.89 

0.74 

24 

38.05 

3.04 

2.78 

0.71 

25 

35.26 

2.82 

2.68 

0.69 

26 

32.58 

2.60 

2.58 

0.66 

27 

29.99 

2.39 

2.48 

0.63 

28 

27.51 

2.20 

2.39 

0.61 

29 

25.11 

2.00 

2.30 

0.59 

30 

22.81 

1.82 

2.21 

0.56 

31 

20.60 

1.64 

2.13 

0.54 

32 

18.46 

1.47 

2.05 

0.52 

33 

16.41 

1.31 

1.97 

0.50 

34 

14.44 

1.15 

1.90 

0.48 

35 

12.53 

1.00 

1.82 

0.47 

36 

10.71 

0.85 

1.76 

0.45 

37 

8.94 

0.71 

1.69 

0.43 

38 

7.25 

0.58 

1.63 

0.41 

39 

5.62 

0.44 

1.56 

0.40 

40 

4.05 

0.32 

1.51 

0.38 

41 

2754 

030 

T.45 

0)37 

42 

1.09 

0.08 

1.39 

0.35 


SANQSXQNE 


D» 250mm 
GRADE- 8% 

EXPLOSIVES 
LOADING CHART 


SPACING & 
BURDEN (B) 

r9 


ANF0 

m. 

Kg. 
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“Fig. 21.14. NomographfChung). 



Photo 21.2. Ramp blasting for the opening of a new bench. 
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In Fig. 21.15, the initiation sequence in a ramp using 
relays of detonating cord and initiating the blast in the 
deep-end to form a void that serves as a cut. 


21.5 BLASTING FOR GROUND LEVELING 

Ground leveling blasts are typical in preparing lots for 
buildings, industrial installations, etc. They should be 
carried out by experienced personnel because a precise 
control over the following is necessary: 

- The fragmentation, because it must be loaded and 
hauled in equipment that can travel the city streets. 

- The vibrations, airblast and projections must be kept 

under the threshold of safety because frequently other 
buildings and structures are nearby " ' 

21.5.1 Drilling diameters 

The blasthole diameters are in function with the bench 
height, which is usually small, and the maximum charge 
weight per hole depends upon the admissible level of 
vibrations. 

It is possible to establish an initial approximation to the 
most adequate diameter from the bench height with the 
equation: 

D = HI 60 

although usually it is found that the most common diame¬ 
ters are in the range of 38 to 65 mm. 


Table 21.10. 


Design parameter 

Uniaxial compressive strength (MPa) 


Low 

Medium High 

Very higfiP 


<70 

70-120 120-ISO 

>180 

Subdrilling - J 

10 D 

11 D 12 D 

12 D 


Table21.ll. 


Design parameter 

Uniaxial compressive strength (MPa) 


Low 

<70 

Medium 

70-120 

High 

120-180 

Very high 
> 180 

Powder factor - CE 
(kg/m 3 ) 

0.30 

0.35 

0.42 

0.49 

Stemming-T 

35 D 

34 D 

32 D 

30 D 


up on the type of rock and the diameter of the drill. Table 
21 . 10 . 

21.5.3 Charge and stemming distribution 

In Table 21.11, the powder factors and the stemming 
lengths are indicated for the different rock types. 

Occasionally, the stemming can be reduced to give a 
larger volume of blasthole for the explosives, but never 
below 25 D to avoid airblast and flyrock. 

As to the type of explosives, taking into consideration 
that the blastholes are short, high strength and high dens¬ 
ity explosives are used. 

21.5.4 Drilling design 


21.5.2 Drilling length 


As the heights of the cuts are small, the blastholes are 
drilled with inclinations close to 60°, because they give 
better fragmentation and swelling, a better take off from 

the floor and a l ower vibration level. _ 

The drilling length is calculated by the following equa¬ 
tion: 


H 

L = -+ 

cosp 



100 


X J 


where: P = Blasthole angle with respect to the vertical 
(degrees), H = Mean height of the terrain that has to be 
broken by the blasthole (m), J = Subdrilling that depends 


The burden is calculated from the following equation: 

*.[_*_ r 

S H 
- x-x CE 

-- B cosP___ 

where: Q b = Explosive charge per blasthhole (kg), 
S/B = Ratio between Spacing and Burden. See Table 
21.12, H = Mean height of the terrain (m), CE = Powder 
factor (kg/m 3 ), P = Angle with respect to the vertical 
(degrees). 

The burden should be calculated for each row whe¬ 
never the mean height of the terrain varies. 

Special precautions should be taken in the marking out 


MILLISECOND OGLAY 16m -5a- 25m —o— 
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Fig. 21.16. Example of a leveling blasting. 


ot this type of blastings because of the^ficuftyTharthre - 
irregular terrain imposes. 

21.5.5 Initiation sequences 

As the lateral blastholes usually shoot to a free exit, each 
of the rows can be initiated with the same delay timing or 
be sequenced in V if it is necessary to increase the time of 
the round because of vibration limitations. 

21.5.6 Blasts with horizontal blastholes 

In some projects, when the bench heights are too low and 
it is essential to leave the final cut suface as smooth as 
possible, horizontal blastholes provide numerous advant¬ 
ages, such as: 

- Lower specific drilling and charge. 

- Shorter time cycles. 

- Less toe problem. 

- Reduced risk of cut offs, improving safety. 

- Less need for accessories. 

Theonly-disadvantages-are:-- 

- The broken rock must be removed before drilling the 
next module. 

- The fragments are larger and the appearance of 
boulders is more probable. 

- The charging of blastholes is more difficult. 

The drilling diameters must be small to achieve good 
results. Therefore, supposing that the heights of the cuts 
are under 1.5 m, for 38 mm blasthole diameters the 
spacing between them is calculated, at first, with the 
following equation: 

5 = 0.7 x H~ l 1 

where: S = Spacing (m), H = Excavation height (m), 
under 1.5 m. Fig. 21.17. 

Depending upon the capacity of the drilling equip¬ 
ment, the angle of the blastholes will be between 0° and 
10 °. 

As to the charges, the blasts are fired to an ample free 
face, with a single row, and rarely need a bottom charge, 
only the column charge. 

The stemmings should have a minimum length of 10 D 
to 20 D, according to the profile of the terrain and work 
conditions. 


Photo 21.3. Drilling in a blast without a vertical free face. 


The typical powder factors in levelling blasts with 
horizontal blastholes are around 0.2 kg/m 3 . 


21.6 BLASTINGS FOR FOUNDATIONS 

Excavations with explosives for foundations in rock have 
the following problems: 

- There is no free face, making fragmentation and 

swelling-nf_rhp._ror.k more difficult. _ 

- The breakage of the rock should adapt itself to the 
profile established in the project without producing over- 
break. 

- There are limits for the vibrations and projections 
when the work is carried out in urban areas. 

21.6.1 Drilling diameters and lengths 

The drilling diameter and blasthole length are selected as 
explained in foundation blasting.- 

21.6.2 Charge and stemming distribution 

The powder factors and the stemming lengths are decided 
from the compressive rock strength, Table 21.13. 

If the stemming lengths are reduced, some additional 
safety precautions must be taken against flyrock. 

The explosives used are generally of high strength and 
density. 

21.6.3 Drilling patterns 

Apply the equation and the relationship between spacing 


Table 21.12. 


Design parameter 

Uniaxial compressive strength (MPa) 


Low 

Medium High 

Very high 


<70 

70-120 120-180 

>180 

Ratio Spacing/ Burden 
-S/B 

1.25 

1.20 1.15 

1.15 
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Table21.13. 


Design parameter 

Uniaxial compressive rock strength (MPa) 


551t 

Medium 

Hard 

Very hard 


<70 

70-120 

120-180 

> 180 

Powder Factor - CE 

0.35 

0.42 

0.50 

0.60 

(kg/m 3 ) 

Stemming-T 

35 D 

34 D 

32 D 

30 D 







7Z777+7777J 




Fig. 21.18. Blasthole layout in long and nar¬ 
row excavations. 


\ 

and burden as suggested beforehand for foundation blast¬ 
ing. 

As there is no free face, part of the blastholes should be 
angled in a wedge form to create the cut and the rest are 
drilled with the chosen inclination, which is usually 
around 60°, Fig. 21.18. In the cut blastholes, the charge 
concentration should be at least 30% more. 

In some cases, the excavations are even carried out in 
phases, opening lateral ditches or trenches so as to form 
slopes which act as free faces in the bench blasts which 
are fired later. 

21.6.4 Initiation sequences 

The initiation sequences can be similar to those shown in 
Fig. 21.18, but they actually will be established from the 
vibrographic studies, as quite often there are limitations 
in the charge weight per hole and even in the delay 
timings. 


21.7 MINI-HOLE BLASTING 

In certain environments, owing to the proximity of build¬ 
ings and other structures, which must be protected, large 
quantities of explosives cannot be used and drilling diam¬ 
eters must be reduced. 

For some years now, a new type of high strength and 
density explosive is on the market which permits mini¬ 
hole blasting with hole diameters of 22 mm. 

The explosive is a gelatin of nitroglycerin/nitroglycol 
and nitrocelulose to which PETN and amonium nitrate 
have been added. The principal characteristics are: 

- Density.1.55g/cm 3 

- Energy.5.5MJ/kg 

- Relative weight strength incomparison to ANFO 

127 

- Detonation velocity . 6000 m/s 

- Water resistance .Excellent 

The charges, of about 80 g, are prepared in small 

plastic wrappings of 17 x 275 mm with an inner space 
for the detonator. 
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Fig. 21.19. Initiation sequence of mini-hole blastings in trenches for 
cables. 


better use of the explosive energy, therefore reducing the 
risk of flyrock and lowering vibration levels, Fig. 21.20. 

Maintaining the basic parameters indicated in trenches 
for cables, as the widths of the cuts are larger, the charges 
are calculated with the following equation: 

Q b = 0.03 + (H - 0.3) x 0.25 

where: H = Depth of the trench between 0.3 and 0.6 m. 

The number of rows of blastholes is determined in 
function with the width of the trench, Table 21.14. 


21.7.3 Holes for posts and beams 
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Fig. 21.20. Initiation sequences of mini-hole blastings in trenches for 
pipelines. 


The use of explosives for t he opening of holes in rock 
meant to hold posts or vertical beams has existecMter 
years, but the conventional charges left crater-shaped 
holes which required different methods of support and 
also filling material. 

When the holes have a diameter under 0.6 m, the 
mini-hole blasting technique, with special explosives, 
has opened a new field. The blastholes of 22 mm diameter 
are drilled parallel, leaving one or two of larger diameter 
empty, and charging the rest with special high strength 
explosive up to nearly 6 cm from the surface, Fig. 21.21. 

The powder factors are high, as in the parallel hole 
cuts. 

To achieve adequate fragmentation and expulsion of 
the fragmented rock, there should be at least 60 ms delay 
timing in the initiation sequence. 


As a better use of the explosive energy has been 
achieved, the necessary quantities are about half that of a 
normal explosive, thereby reducing vibrations and fly- 
rock. 

Some of the most frequent applications for mini-hole 
blastings are found in the next paragraphs: 


21.7.1 Trenches for cables ' 

The trenches for cables usually have a limited depth 
which makes them especially suitable for mini-hole 
blasts, Fig. 21.19. It is recommended that the 22 mm 
diameter blastholes be drilled with inclinations of 18° 
(3:1), which means that the applicable rules for calcula- 
tion in trenches with a depth between 0 .3 and 0.6 are the 
following: 

L = H + 0.2 
B = 0.018 D 
T = B 

Q b = 0.2 xH 

where: H = Depth of trench (m), D = Diameter of blast- 
hole (mm), B = Burden (m), T = Stemming (m), Q h = 
Charge of high explosive per blasthole (kg). 


21.7.2 Trenches for pipelines 

If the depth of the trenches is under 0.8 m, the mini-hole 
blasting method is an adequate procedure as it permits a 


21.8 PREBLASTINGS 


The equipment for direct breakage used in surface opera¬ 
tions has limited applications imposed by the geomecha- 

-can be 


expressed in terms of seismic velocity propagation as 
shown in Fig. 21.22. 


Table 21.14. 


Width of the trench 

Number of rows of blastholes 

0 .8-1.2 

3 

1.5-2.0 

4 


DIAMETER 0.3m 



d,«O0cm 

d«*t2cm 


Fig. 21.21. Drilling patterns for 30 cm and 50 cm diameter holes. 
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Fig. 21.22. Preblasting fired with detonating cord of low core load and 
milisecond relays. 


In some cases, although the excavation may be 
possible, the yield may be so low as to render the opera¬ 
tion anti-economical in comparison to other alternative 
methods. 

Preblasting is a technique that consists in increasing 
the natural fracturation of the massive rock with very 
little displacement, by using explosives. This improves 
the production rates of the operation with a relatively low 
cost. 

_The drilling diameters and bench heights depend 

basically upon the machines used after the prebiasts, 
Table 21.15. In many cases, the height of the levels is also 
limited by the length of the drill steel because these 
operations should be one-time, eliminating unnecessary 
work. 

The powder factors in each case depend upon the 
equipment for breakage and loading, and the compressive 
rock strength. 

In Table 21.16, the approximate relationships between 

_ the maximum seismic velocities and the pow der factors, 

such as ANFO, are indicated, to be able to properly carry 
out the preblastings. It is important to take into account 
that as the velocities are reduced, the explosive charges 
should do the same. 

The drilling patterns may be square or staggered with 
B = S. 

As to the blasthole inclination, with small diameters 
and distances, and the only free face which is usually the 
work platform itself, it is recommended that the angles be 
close to 45°, which requires a subdrilling between 15 and 
20 D. In large diameters with higher benches, if the 
drilling rigs are rotary percussive, the drilling can be 
carried out with inclinations between 15° and 30°, and if 


the rigs are rotary, between 15° and the vertical. 

The priming should be done with detonating cord, and 
if detonators are used, place them at the top. 

The size of the blasts should be as large as possible in 
order to acheive maximum efficiency from the loading 
and haulage equipment. 

In general, there should be no problem of flyrock if the 
stemming is done correctly with a minimum length of 35 
D, and the only limitation could be the vibrations. It 
should not be forgotten that in this type of blasts the 
charges-are more eonfined-an d r-i n comparis on with-a 
conventional round, the vibrations are greater. 

To reduce this problem, it is possible to use milisecond 
relays as indicated in Fig. 21.22, but with a timing that is 
not too long as the main direction of rock movement is 
towards the surface and there is a certain risk of cut-offs. 
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CHAPTER 22 


Blasting for tunnels and drifts 


22.1 INTRODUCTION 


The use of the underground, for mining as well as for civil 
engineering projects, requires the driving of drifts and 
tunnels in a larger number each day. 

During the past few years, mechanical excavation with 
drifting and tunnelling rigs has advanced considerably, 
excavating rock with a compressive strength of up to 250 
MPa. In hard rock, the tunnelling rigs have a larger field 
of application and offer several advantages such as: per¬ 
foration without harming the surrounding rock, a smooth 
cut surface that reduces the necessity for support and/or a 
concrete lining, less personnel, etc. 

However, excavation with explosives is still widely 
accepted as the aforementioned method has its inconve¬ 
niences: 

- Rigid work system as the sections must be circular. 

- The ground to be drilled must not have important 
variations or geological upsets. 

- The curves should have a radius over 300 m. 

- The initial excavation is costly, and 

- Personnel must be highly specialized. 

Fragmentation with drilling and blasting solves most 

of these problems because although the sections are large, 
"the excav a t ions can btf earriedoutin-st ag e s with advanee 
drifts, lateral breakage and/or benching, plus the fact that 
modem jumbos can cover large sections with varying 
shapes. The remaining rock can be left in good condition 
with contour blasting using smooth blasting and presplitt¬ 
ing techniques which are better adapted to the lithological 
changes of the ground, and require less machine time, 
which means the equipment can be sent on to other jobs. 

The basic drilling cycle is composed of the following 
operations: _ 

- Blasthole drilling^ 

- Charging. 

- Blasting. 

- Ventilation. 

- Scaling and grouting (if necessary). 

- Loading and haulage, and 

- Setting up of the new round. 

In the following paragraphs the present day techniques 
for tunnelling and drifting, as well as the calculations for 
drilling patterns and charges are revised. 

22.2 ADVANCE SYSTEMS 

The manner or pattern used to attack the tunnel and drift 


sections depends upon various factors: 

_ - Drilling equipment used. _ 

- Time available for the operation. 

- Type of rock. 

- Type of support, and 

- Ventilation systems. 

In good rock, the tunnels with sections under 100 m 2 
can be excavated by the full face method. Larger tunnels 
which cannot be covered by the drilling unit, or those 
where the geomechanic properties of the rock do not 
permit the full face method, have to be excavated by the 
top heading method, Fig. 22.1. 

The procedure consists of dividing the tunnel in two 
parts, an upper or top heading, and a lower in bench or 
stoping holes. The top heading is excavated as a drift and 
the stoping holes, which take longer than the top heading 
advance, are carried out by benching. 

Benching can be vertical, in which case it will be 
necessary to have a crawler drill with a feed that is not too 
large in order to avoid positioning problems near the side 
walls. The advantage of this system is that the whole 
bench can be drilled and blasted without interruption and 
simultaneously with the top heading, Fig. 22.2. 

Horizontal benching uses the same drilling equipment 
as-for-the^op-heading-and-also-the^same-proc e du re fo r 
charging the explosive and mucking, but it has the prob¬ 
lem of work interruptions. 

When the rock is of poor quality, the tunnel is usually 
divided into several smaller sections. A common tech¬ 
nique is to open a pilot heading in the top heading with 
one or two lateral stoping holes. The pilot heading, which 
is mainly for inspection, is done ahead of the stoping and 
may even be opened before starting the lateral drilling 
which provides better work ventilation. The excavation 
of the top heading is usually completed before starting 
rock breakage of the lower section, although in wide 
tunnels it may be carried out simultaneously by establish¬ 
ing an access between the tunnel floor and the top heading 
by means of a lateral ramp. 

At present, one of the tunnelling procedures most 
widely used is known as the New Austrian Tunneling 
Method. It roughly consists of excavation in stages, such 
as indicated. After opening the advance drift in the upper 
half section, the lateral stoping holes can be carried out 
either simultaneously or by dephasing, using the drift 
cavity as a free face and placing the contour blastholes so 
as to achieve a permanent profile with as little damage 
possible to the rock, using the smooth wall blasting 
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Fig. 21.1. Systems for advance in tunnel and 
drift excavations. 


Fig. 22.2. Horizontal and vertical benching in 
a tunnel with the advance in two sections. 


technique. Later, after mucking, shotcrete lining is built 
in the area to avoid decompressions and loss of compress¬ 
ive strength qualities of the rock. 

At a certain distance from the face, which is usually the 
same as the advance of the rounds, the final lining should 
be built in by any of the existing procedures. 

The excavation of the lower section is also carried out 
in stages, in the center part by benching and in the lateral 
masses with side stoping or smooth wall blasts. The 
drilling can be vertical or horizontal and the advance of 
the side stoping either simultaneous or dephased. 


22.3 BLASTING PATTERNS FOR TUNNELS 


The blasts in tunnels and drifts are characterized by the 
initial lack of an available free surface towards which 
breakage can occur; only the tunnel heading itself. The 
principle behind tunnel blasting is to create an opening by 
means of a cut and then stoping is carried towards the 
opening. The opening usually has a surface of 1 to 2 m 2 , 
although with large drilling diameters it can reach up to 4 
m 2 . In fan cuts, the cut and cut spreader blastholes 
usually occupy most of the section. 

Stoping can be geometrically compared to bench blast¬ 
ing although it requires powder factors that are 4 to 10 
times higher. This is due to drilling errors, the demand 
made by swelling, the absence of hole inclination, the 
lack of co-operation between adjacent charges and, in 
some areas, there is a negative action of gravity as hap- 


Contour holes are those which establish the final shape 
of the tunnel and are placed with little spacing and 
directed towards the interior of the mass to make room for 
the drills in collaring and advance, Fig.22.4. 

The position of the cut has influence on rock projec¬ 
tion, fragmentation and also on the number of blastholes. 
Of the three positions, comer, lower center and upper 
center, the latter is usually chosen as it avoids the free fall 
of the material, the profile of the broken rock is more 
extended, less compact and better fragmented. 



Photo 22.1. Pilot excavation and lateral stoping holes of the upper 
section of the pressure tunnel with a diameter of 12 m, in the Saucelle 
Power Station. 
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Fig. 22.3. Zones in tunnel blasting. 
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Fig. 22.4. Orientation of the contour blastholes to maintain the 
tunnel profile. 


22.4 TYPES OF CUTS AND CALCULATION OF 
_ THE BLASTS _ 

The blasts in tunnels andUrffts are much more complex 
than bench blastings owing to the fact that the only free 
surface is the tunnel heading. The powder factors are 
elevated and the charges are highly confined. On the 
other hand, burdens are small, which requires sufficiently 
insensitive explosives to avoid sympathetic detonation 
and at the same have a high enough detonation velocity, 
above 3000 m/s, to prevent channel effects in the car¬ 
tridge explosives placed in large diameter blastholes. 
This phenomena consists of the explosion gases pushing 
the air that exists between the column charge and the wall 
of the blasthole, compressing the cartridges in front of the 
shock wave, destroying the hot spots or excessively 
increasing the density of the explosive. 

As to drilling, this has become more mechanized in the 
last decades, based upon the development of hydraulic 
jumbos, with one or various booms, automatized and 
more versatil. Because of this, the inclination has been 
towards parallel hole cuts as they are easier to drill, do not 
require a change in the feed angle and the advances are 
not as conditioned by the width of the tunnels, as happens 
nvitlran gled - cutS L—-- 

Therefore, cuts can be classified in two large groups: 

- Parallel hole cuts, and ^ 

- Angled hole cuts. 

The first group is most used in operations with mecha¬ 
nized drilling, whereas those of the second have fallen in 
disuse due to the difficulty in drilling. They are only 
applied in small excavations. 

In the following, the different types of cuts are ex¬ 
plained in their order of importance, as well as calculation 
Iff the patterns and charges in the rest of the sections 
which are, generally speaking, independent from the type 
of cut applied. 


22.4.1 Cylindrical cuts 

At the moment, this type of cut is most frequently used in 
tunnelling and drifting, regardless of their dimensions. It 
is considered to be an evolution or perfection of the bum 
cuts which will be discussed later on. This type of cut 
consists of one or two uncharged or relief blastholes 
towards which the charged holes break at intervals. The 
large diameter blastholes (65 to 175 mm) are drilled with 


reamer bits which are adapted to the same drill steel 
which is used to drill the rest of the holes. 

All the blastholes in the cut are placed with little 
spacing, in line and parallel, which explains the frequent 
use of jumbos which come with automatic parallelism. 

The type of cylindrical cut most used is the four 
section, as it is the easiest one to mark out and execute. 
The calculation method for patterns and charges of this 
cut and for the rest of the tunnel zones, uses the Swedish 
theories recently up dated by Holmberg (1982), and 
simplified by Olofsson (1990), which will be studied 
below. Finally, other types of cylindrical cuts have been 
used with success and have been well experimented. 


Advance per round 

The advance of the rounds is limited by the diameter of 
the relief hole and the deviation of the charged holes. As 
long as the latter is maintained under 2%, the average 
advances X can reach 95% of the blasthole depth L 

X = 0.95 L 

In the four section cuts, the depth of the blastholes can be 
estimated by the following equation: 

L = 0.15 + 34.1 D 2 - 39.4 D* 

where: D 2 = Diameter of empty hole (m). 

When cuts of NB empty holes are used instead of only 
one large diameter drillhole, the former equation is still 
valid making 

D 2 = D' 2 x a/NB 

where ZY 2 is the diameter of the empty blastholes. 

Cut and ‘cut spreader’ 

The general geometric pattern of a four section cut with 
parallel blastholes is shown in Fig. 22.5. 

The distance between the centraFblasthole and those of 
the first section should not be more than 1.7 D 2 to obtain 
fragmentation and a satisfactory movement of the rock 
(Langefors and Kilhstrom, 1963). The conditions of frag¬ 
mentation vary greatly depending upon the type of 
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Fig. 22.5. Four section cut. 
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DIAMETER OF EMPTY HOLE Dz (m) 

Fig. 22.6. Results of the blastings for different distances between 
charged and empty blastholes, and their diameters (Holmberg). 
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(m/m), L = Blasthole depth (m), e' = Collaring error 

(m). 

What usually happens is that the drilling is sufficiently 
good and the work is carried out with a burden value 
equal to one and one half times the expansion diameter. 
The lineal charge concentration is calculated from the 
following equation: 


B' 

1.5 

L d 2 ] 

— 

X 

B -- 

W 


2 


c 1 

0.4,— PRPanfo 


where: q l = Lineal charge concentration (kg/m), D t = 
Drilling diameter (m), D 2 = Diameter of the relief blast- 
hole (m), B = Maximum distance between holes and 
burden (m), c = Rock constant, PRP ANFO = Relative 
weight strength of the explosive with respect to ANFO. 

Frequently, the possible values of the lineal charge 
concentrations are quite limited as there is not an ample 
variety of cartridged explosives. This means that for a 
pre-fixed lineal concentration, the burden size can be 
determined from the former equation, although the calcu¬ 
lation is a bit more complex, Fig. 27.7. 

To calculate the rest of the sections, it is considered that 
some rectanglar openings of A h width already exist and 
that the lineal charge concentrations q , are known. The 
burden value will be calculated from: 

* <?i x PRPanpo 
D, x c 

When there is a drilling error, such as that seen in Fig. 
22.9, the free surface A h differs from the hole distance A h 
in the first section, for which 

X, = l/2 <«,-£,) 



Fig. 22.7. Relationship between the lineal concentration of maxi¬ 
mum burden and charge for the different diameters of relief blast- 
holes (Larsson and Clark). 


and, by substituting this value in the former equation, the 
following occurs: 


explosive, rock properties and the distance between the 
charged blasthole and the relief hole. 

As reflected in Fig. 22.6, for burdens larger than 2 D 2 , 
the break angle is too small and a plastic deformation of 
the rock between the two blastholes is produced. Even if 
the burden is under D 2 , but the charge concentration is 
high, a sinterization of the fragmented rock and cut 
failure will occur. For this reason, it is recommended that 
the burdens be calculated from B { = 1.5 Z> 2 . 

When drilling deviation is more than 1 %, the practical 
burden is calculated from: 

B { = 1.7 D 2 - E p = 1.7 Z) 2 - (a x L + e') 
where: E p = Drilling error (m), a = Angular deviation 



Fig. 22.8. Relationship between the lineal concentration of the 
charge and the maximum burden for different widths of the open¬ 
ing (Larsson and Clark). 
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B 


Bz 



i E p ) x 7/ x PRP/vnfo 
D, x c 

This value must be reduced by the blasthole deviation to 
obtain the practical burden 

B 2 = B-E p 

There are a few restrictions put on B 2 , as it must satisfy: 

B 2 - 2A h 


because the shock wave of a charge can elevate the 
density of the adjacent charge above the critical or death 
density. 

Desensitization problems can be attenuated by cor¬ 
rectly designing the initiation sequences, sufficiently 
delaying the successive detonation of each blasthole so 
that the shock wave from the last shot disappears, allow¬ 
ing the explosive to recuperate its normal density and 
degree of sensitivity. 

Hagan suggests that, in order to diminish these prob¬ 
lems, the bum-cuts be carried out by placing three relief 
holes in such a manner that they act as a shield between 
the charged holes. Fig. 22.10 

—Hagan-hasalsobeenablcto-provc-that fi n e g ra de jock. 
is more subject to cut failures than coarse grade, due to 
the larger volume of relief opening that is needed for the 
expulsion of the material. 

As in bum-cuts each successive detonation enlargens 
the available space for expansion of the blastholes which 
have not yet fired, the burden can get increasingly larger, 
therefore placing the charges in a spiral Fig. 22.11. 

a) Double spiral bum-cut 

A central blasthole is drilled with a diameter between 75 
and 200 mm, surrounded by smaller blastholes that are 
placed and charged in a spiral. Fig. 22.12. 


B = 10.5 x 10- 



if plastic deformation is to be avoided. If this is not hue, 
the lineal charge concentration should be modified using 
the following equation: 

540 D, x c x A h 


<h = 


PRP 


ANFO 


BLASTHOLE 


If the restriction for plastic deformation is not satisfac¬ 
tory, it is usually better to choose a lower weight strength 
explosive in order tooptimizefragmentation.— 

The aperture angle should also be less than 1.6 rad 
(90°). If not, the cut will lose its character of a four section 
cut. This means that: 





i 




3 


J3 2 > 0.5 A h 

Gustafsson (1973) suggests that the burden for each 
section be calculated with B 2 = 0.7 S'. 

A rule of thumb to determine the number of sections is 
thatthe side length of the last section B should not be less 
than the square root of the advance. The calculation 
method for the rest of the sections is the same as for the 
second section. 

The stemming lengths are estimated with: 

T= 10/?! 

Some of the problems that can arise in blastings with 
parallel blasthole cuts are sympathetic detonation and 
dynamic pressure desensitization. The first phenomenon 
can appear in a hole that is adjacent to the detonating hole 
when the explosive used has a high degree of sensitivity 
such as all those with nitroglycerine in their composition. 
On the other hand, the dynamic pressure desensitization 
takes place in many explosives, and especially in ANFO 


Fig. 22.10. Modified bum-cut to eliminate sympathetic detonation and 
dynamic pressure desensitization (Hagan). 



Fig. 22.11. Spiral bum-cut. 
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The blastholes 1-2, 3-4, and 5-6 are corresponding in 
each of their respective spirals. 

b) Coromant cut 

Consists in drilling two secant blastholes of equal diame¬ 
ter (57 mm), which constitute the free opening, in slit 
shape, for the first charges. A special drilling template is 
used to bore the first two holes as well as those of the rest 
of the cut, Fig. 22.13. 

c) Fagersta cut 

A central blasthole is drilled with a diameter of 64 or 76 
mm and the rest of the charged blastholes, which are 
smaller r are-placed-according-to- Fig. 22.1 4.- 


This is a type of cut that is a cross between the four 


Fig. 22.12. Double spiral cut. 
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Fig. 22.13. Coromant cut. 



section cut and the double spiral, and is adequate for 
small drifts that use manual drilling. 

Lifters 

The burden for lifter holes placed in a row is calculated, 
basically, with the same equation that is used in bench 
blastings, taking into consideration that the height of the 
latter is equal to the advance of the round: 


B = 0.9 


91 x PRPanfo 
cxf(S/B) 


where: /= Fixation factor. Generally 1.45 is taken to 
consider the gravitational effect and the delay timing 
between blastholes, S/B = Relationship between spacing 
and burden. It is usually considered equal to 1, c = 
Corrected rock constant. 

c = c + 0.05 for B > 1.4 m 
c = c + 0.07 IB for B < 1.4 m 

In lifters it is necessary to consider the lookout angle y or 


inclination necessary to give a large enough space for the 
drilling rig to carry out the collaring for the next round. 
For an advance of 3 m, an angle of 3°, which has an 
equivalent of 6 cm/m, is enough, however it will logical¬ 
ly depend upon the characteristics of the equipment, 
Fig. 22.15. 

The number of blastholes will be given by 
\AT +2Lx sin y 


NB = Integer of 


B 


+ 2 


where: AT = Tunnel width (m). 

The practical spacing for the comer blastholes will be: 
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Fig. 22.14. Fagersta cut. 


Fig. 22.15. Geometry of the lifters. 
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S' 7 = S z - Lsiny 

The practical burden B z is obtained from 
B z = B - L sin - E p 

The lengths of the bottom charges l f and the column 
charges should be 

/,= 1.25 B 
l c = L- l f - 10 D { 

The concentration of the column charge can be reduced to 
70% of the bottom charge. However, the same concentra¬ 
tion is usually used because of preparation time. The 
stemming is fixed in T = 10 D { and the burden should 
comply with the following cuiidiltom B ^ 0.6 L. - 


S toping 

The method for calculating the stoping holes is similar to 
the one used for lifters, only applying different Fixation 
Factor and Spacing/Burden relationship values, Table 
22 . 1 . 

The concentration of the column charge for both types 
of blastholes should be equal to 50% that of the bottom 
charge. 

Contour blasts 

If the blast does not need contour or smooth blasting, the 
patterns are calculated as for lifters with the following 
values: Fixation factor, /= 1.2; Relationship S/B, 
S/B = 1.25; Column charge concentration, q c = 0.5 q f , 
where q. is the bottom charge concentration. 

If contour blasting is to be carried out, the spacing 
between blastholes is calculated from: 

S c = KD { 

where K varies between 15 and 16. The ratio S/B should 
b e 0.8. _ 

The lineal charge concentration is determined in func- 
tion with the drilling diameter. With blastholes of a 
caliber lower than 155 mm, the following equation is 
used: 

q lc = 90 x z>? 

where: £>, is expressed in m. 

Example of application 

If a mine drift is to he excavated in rock (c = 0.41 hv 
means of blasts with parallel blastholes and four section 
cut, knowing that the geometric dimensions and drilling 
data are: 

- Tbnnel width AT = 4.5 m, 

- Abutment height 4.0 m, 

- Height of arch 0.5 m, 

- Relief hole diameter D, = 102 m, 

- Drilling diameter =45 mm, 


Table 22.1. 


Breaking direction of the 
stoping holes 

Fixation factor/ 

S/B relationship 

Upwards and horizontally 

1.45 

1.25 

Downwards 

1.20 

1.25 


- Lookout angle of the contour blastholes y = 3°, 

- Angular deviation a = 10 mm/m, 

- Collaring error e = 20 mm. 

The explosive to be used has a Relative Weight 
Strength with respect to ANFO of 1.09 (109%) and the 
available cartridges have a diameter of25,32 and 38 mm, 
which give lineal charge concentrations for a density of 
1.2 g/cm 3 , of 0.59,0.97, and 1.36 kg/m respectively. 

a) Advance 

L = 3.2 m and X = 3.0 m. 

b) Cut 

Firs t s e c ti on _ 

B= 1,7 xZ), = 0,17 m 
B ] = 0.12 m 

q { = 0.58 kg/m -» 0.59 kg/m, with d = 15 mm 
T= 10 xD, = 0.45 m 
A a = V2xB, = 0.17 m 
Charge per blasthole Q b = 1.59 kg. 

Second section 

A h = V2 (0.12 - 0.05) = 0.10 m 

For d - 25 mm B = 0.17 m; d = 32 mm B = 0.21 m; 

d = 38 mm B = 0.25 m 
As B 2 < 2 A h , cartridges of 32 mm are chosen. 

B 2 = 0.16 m 
7= 0.45 m 

A h = <2 (0.16 + 0.17 12) = 0.35 m 

Q b = 2.62 kg. 


Third section 

A h = <2 (0.16 + 0.17/2 - 0.05) = 0.28 m 
For larger diameter cartridges q L = 1.36 kg/m 
B = 0.42 m 
fi 3 = 0.37 m 
T = 0 : 45 m 

A' h = V2 (0.37 + 0.35/2) = 0.77 m 
0* = 3.67 kg 

Fourth section 

A h = <2 (0.37 + 0.35/2 - 0.05) = 0.70 m 
B = 0.67 m 
B 4 = 0.62 m 
T = 0.45 m 

A' h = VJ(0.62 + 0.77/2) = 1.42 m, which is compar- 
able to the square root ot the advance, which 
means that no more sections are needed. 

Qb ~ 3-67 kg. 

c) Lifters 

With d = 38 mm q t = 1.36 kg/m 
B= 1.36 m 
NB = 5 blastholes 
S z = 1.21 m 
y z = 1.04 m 
B z = 1.14m 
L = 1.43 m 
l c = 1.32 m 
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q c = 0.7 x 1.36 = 0.95 kg/m —> 0.97 kg/m with d= 
32 mm 
Q b = 3.20 kg. 

d) Roof contour blastholes 

Cartridges of 25 mm with q t = 0.59 kg/m are used. 

S ct =15x0,= 0.68 m 
B cl =S cl /0.8 - L x sin 3° - 0.05 = 0.62 m 
q [c = 90 x D\ = 0.18 kg/m, which is considerably 
less than 0.59 kg/m 
NB = | 4.7/0.68 + 2 | = 8 
Q bl = 1.77 kg. 


el Wall contour blastholes _ 

The length of contour that is left for a height of 4.0 m is: 
4.0 - B z - B ct = 4.0 - 1.14 - U.62T=^2/24 m, with 
/ = 1.2 and S/B = 1.25 one has: 

B ch = 1.33 -Lx sen 3° - 0.05 = 1.12 m 
NB = | 2.24(1.33 x 1.25) + 2 | = 3 
S ch = 2.24/2 = 1.12 m 
L = 1.40 m 
4= 1.35 m 
Q b = 3.2 kg. 

f) Stoping 

As the side of the fourth section is A\ = 1.42 m and the 
practical burden of the wall contour blastholes is 
B ch = 1.12 m, the available space for a tunnel width 
AT = 4.5 m is: 

4.5 - 1.42- 1.12 x 2 = 0.84 m 
B = 1.21 - 0.05 = 1.16 m for/= 1.45 

However, B = 0.84 m will be used owing to the hori¬ 
zontal dimensions of the tunnel. 

For the upper blastholes: 

B= 1.33 -0.05 = 1.28 m _ 

but, if A' h = 1.42, B z = 1.14 and B ct = 0.62 is subtracted 
from the tunnel height, the following is obtained: 

4.5 - 1.42 - 1.14 - 0.62 = 1.32m 

As the difference is only 5 cm, B is made equal to 1.32 
m. 

The charge for stoping holes is the same as for wall 
holes, thus: 

2* = 3.2Clkg. 

g) Summary 

- Cut: 16 blastholes 

(4 x 1.59) + (4 x 2.62) + (8 x 3.67) = 46.21 kg 

- Lifters: 5 blastholes (5 x 3.20) = 16 kg 

- Roof contour: 8 blastholes (8 x 1.77) = 14.16 kg. 

- Wall contour: 6 blastholes (6 x 3.20) = 19.20 kg. 

- Stoping: 5 blastholes (5 x 3.20) = 16.00 kg. 

Total eharge of the blast = 111.6 kg 

Tunnel surface = 19.5 m 2 
Advance = 3 m 

Volume of broken rock = 58.5 m 3 
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Fig. 22.16. Geometric pattern of the calculated blast. 


Specific charge = 1.9 kg/m 3 
Total number of blastholes = 40 
Total length drilled = 128 m 
Specific drilling = 2.2 m/m 3 

Simplified calculation 

In order to calculate tunnel blasts with parallel hole cuts 
in four sections more quickly, the equations shown in 
Tables 22.2 and 22.3 can be applied: 

a) The cut 

b) Stoping 

In - o r de^toealeu l ate - the - res^oTthe - blasCs t art - from - the 
burden size B and the charge concentration in the bottom 
qjr for the explosive and diameter used. The formulas used 
are: 

q f = 7.85 • KT 4 • d 1 ■ p 
B = 0.88 • q° f 35 

where: d = Diameter of explosive cartridge (mm), p = 
Density of explosive (g/cm 3 ). 


Verification of the blast patterns 
Once the calculation of the patterns and charges has been 
done and before doing the blasts, it is interesting to check 
and contrast the data obtained with the standard or typical 
results of similar operations. These verifications can be 
carried out with simple graphics such as those of the Figs 
22.17,22.18 and 22.19, where the powder factor is shown 
as a function of the tunnel section and drilling diameter, 
the number of blastholes per round and the specific 
drilling taken from the two indicated parameters. 

The previous graphics refer to blasts with parallel 
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blastholes and only can be taken as a guide, as many 
parameters influence the results of the excavation: types 
of rock and explosives, blasthole size, types of cut, need 
for contour blasts, vibration limitations, etc. which can 
cause slight variations in the design parameters. 

The final verification of the calculations will be made 
after the blast. The introduction of the necessary 
modifications after an analysis of the results in the first 
trials should be gradual and systematic, even to the point 
of not drilling the holes to their full length in the first 
rounds and increasing the advance little by little in each 
cycle. 


22.4.2 Burn cuts 



-E g. 2 2 .18. Number of blastholes per round in function of the area. 


In these cuts all the blastholes are drilled parallel and with 
the same diameter. Some are charged with a large quan- 



Fig. 22.17. Powder factor in function with the tunnel area (nr) and the 
blasthole diameters;- 


Table 22.2. 


Section of the cut 
First 

Second 

Third- 


Burden value 
B, = 1.5 D, 


B 2 = B l fl 


Side of the section 

£,V2 
1.5fl 2 V2 


tf 3 = 1.5 B 2 i2 1.5 £3 V2 



Fig. 22.19. Specific drilling in function with the tunnel area and 
drilling diameter. 



Fourth 

fi 4 = 

1.5 £ 3^2 

1.5fl 4 V2 



Table 22.3. 







Part of round 

Burden (m) 

Spacing (m) 

Length bottom 
charge (m) 

Charge concentration 
Bottom (kg/m) 

Column (kg/m) 

Stemming (m) 

Floor 

B 

1.1 B 

L/3 

<?/ 

q J 

0.2 B 

Wall 

0.9 B 

1.1 B 

L /6 

q f 

dAq 

0.5 B 

Roof 

0.9 B 

1.1 B 

L /6 

i 

0.36q f 

0.5 B 

S toping 

Upwards 

B 

1.1 B 

L/3 

q f 

0-5 q f 

0.5 B 

Horizontal 

B 

1.1 B 

L/3 

q s 

q r 

0.5 q 

0.5 B 

Downwards 

B 

1.2 B 

L/3 

0.5 4 

0.5 B 
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Fig. 22.20. Examples of bum-cuts. 
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Fig. 22.21. Drift driving with the Sairois cut. 


tity of explosive while others are left empty. As the charge 
concentration is high, the fragmented rock is sinterized in 
the deep end of the cut, without presenting optimum 
conditions for the outcome of the round as happens in 
spiral cuts. The advances are reduced and do not surpass 
2.5 m per round, Fig. 22.20. 

One of the bum-cuts that is used in drift advances of 
coal mines is called Sarrois Cut, which is composed of 
eight charged blastholes and one empty one. With the 
drilling diameter of 38 mm, the distance between the axes 
of the blastholes goes from 10 cm in hard rock up to 20 
cm in soft rock. This cut is used in depths of up to 2.5 m, 
with a high powder factor. The charges are designed as 
shown in Fig. 22.21, avoiding flashover in each of the 
blastholes with different delay timings and generally 
using clay plugs for stemming. 

The projection of broken rock reaches a length of 5 to 6 
meters from the new face and the advances oscillate 
between 80 and 95%. 

Finally, another cut that is also used in coal mines, 
above all in the north of Spain, is the one called Swedish, 
where the blasthole placement, according to the type of 
rock, is shown in Fig. 22.22. 

For a diameter of 38 mm, the distance between the 
vertical rows is 20 cm, the vertical separation between 
blastholes of the two lateral rows is 30 cm and the vertical 
distance between charged and empty blastholes is from 
10 to 15 cm, according to the compressive strength of the 
rock. 

The broken rock projection is better than with the 
Sarrois cut, although, on the contrary, the powder factor is 
lower. The advances oscillate between 90 and 100% of 
the depth and the drilling must be precise. 
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Fig. 22.22. Swedish Cut 


22.4.3 Crater cuts 

T his - typ e- of cut w as-originally-d evelop e d - by Hino in 
Japan, taking advantage of the cratering effect that the 
explosive charges concentrated in the bottom of the blast- 
holes produced upon the nearest free surface. 

This method is applied more in shaft excavations than 
for tunnels, although some specialists such as Hagan have 
recently suggested their use by placing the concentrated 
charges in one or various central blastholes of large 
diameter and distributing the stoping blastholes around 
the rest of the section with different charge lengths. 



Fig. 22.23. Double crater cut using central blastholes of 200 mm 
(Hagan, 1981). 
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As the advance per round is not very large, it has been 
suggested that the cratering be carried out with double 
depth blastholes, decking and stemming the charges, Fig. 
22.23. 

22.4.4 Angled cuts 

This group of cuts is used less each day because of the 
difficulty in drilling the holes. The advantage is a lower 
consumption of explosives because there is better utiliza¬ 
tion of the free face surface and the possiblity of orienta¬ 
tion towards the visible discontinuities in the section. 

The following explains the most common angled cuts. 


V Cut 

In these cuts in wedges or V, the advances are around 45 
to 50% of the tunnel width. In wide tunnels, the advances 
are affected by the deviations of the blastholes, which is 
usually near 5%. Therefore, in a 5 m long blasthole, the 
deep end could have up to a 25 cm deviation, which might 
cause sympathetic detonation of the adjacent charge. 

The bottom angle should not be less than 60°, because 
the charges would be too confined and more explosive 
would be necessary to achieve adequate fragmentation. 

The mean parameters in the cut design, in function 


Be 



with the drilling diameter D, are the following: 

- Total height of the cut H c - 46 D. 

- Burden B = 34 D. 

- Bottom charge concentration < 3 y = 990 D 2 (D in m). 

- Length of bottom charge L = 0.3 L. 

- Column charge concentration q c = 0.5 q f . 

- Length of stemming T = 12 D. 

- Number of wedges in the vertical sense 3. 

The cut-spreader blastholes, which are also drilled 
inclined with respect to the tunnel axis, Fig. 22.24, are 
placed according to the following equations: 

- Burden B = 24 D. 

- Bottom charge concentration q t = 990 D 2 . 

- Length of bottom charge l f = 0.3 L. _ 

- Column charge concentration q^ = 0.4 q^ 

^~St e m m i ngTerrg tlrT = 12D.- 

The burden value should fulfill the following condition 
B < 0.5 L — 0.2 m, which suggests that in shallow blasts 
the burden should be reduced. 

The cut holes, or even the nearest cut-spreader holes 
should be fired with milisecond delay detonators and the 
rest with delay detonators. 

The drilling patterns for the stoping, lifter and contour 
areas are calculated in the same manner as indicated for 
parallel blasthole cuts. 

Fan cut 

This type of cut was widely used several years ago, but it 
is not favored nowadays because of its complicated dril¬ 
ling. 

The blasthole patterns and charges for the cut are 
calculated as in the ‘V’ cut, Fig. 22.25. 

The cut-spreader blastholes are measured by the fol¬ 
lowing equations: 

- Burden (it should fulfill B < L - 0.4) B = 23 D. 

- Height of cut H c = 42 D. 

—^Concentjation_of—the hoti nm charge (D and m) 
Q f = 990 D 2 . 

- Length of bottom charge l f = 0.3L 

- Concentration of bottom charge q c = 0.4 q^ 

The initiation sequences of the cut and cut-spreader 
should be carried out with milisecond delay detonators. 

The fans can be horizontal, as the former, or drilled 
upwards or downwards, Fig. 22.26. 



Fig. 22.24. ‘V’-cut blast. Fig. 22.25. Horizontal fan-cut. 
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Fig. 22.27. Instantaneous pyramidal cut blast. 


Instantaneous cuts 

One of the variations of the V cut is to drill a cluster of 
adjacent blastholes and fire all the charges simulta¬ 
neously. Advances of around 80% of the tunnel width can 
be obtained. 

One of the inconveniences of these cuts is the great 
projection of the broken rock which disperses it at a 
considerable distance from the tunnel face. 

Between the variations that exist, the pyramidal cut 
with one or two sections is worth mentioning, Fig. 
22.27. 


22.4.5 Drifts with coal beds 

The advance blasts for drifts with coal beds on the face 
can be quite varied, according to the excavation sections, 
bed strengths, inclination, face disposition, etc., therefore 
only a few general considerations will be made. 

The drilling patterns should be parallel to the 
stratification, with all the charged blastholes breaking 
towards the free space created in the coal bed. These cuts 
or cavities, can be drilled manually if the coal is soft or, as 
is usually done, by firing some blastholes upon the coal 
itself with a low delay number, Fig. 22.28. This last 
procedure has the inconvenience of mixing the coal with 
the waste, preventing its use, but it is the method which 
gives the most advance.- 

recommended to leave an uncharged hole to degasify the 
coal. According to labor classification, because of the 
existance of gases, dust and other explosive or inflamable 
substances, the maximum explosive charges per blast- 
hole will be determined along with the type of explosive, 
the length of the round and the maximum delay timings 
between holes. 

Spanish legislation, through the ITC 10.4-10, estab¬ 
lishes a classification of the labors in mines of second and 
third category, and for those labors in which the presence 
of gases, dust or other explosive or inflammable sub¬ 
stances is possible, as indicated in Table 22.4. 

In the mentioned Table, the type of explosive, the 
maximum amount per hole, the type of detonator and the 
maximum deviation of the blast are indicated. 

22.4.6 Drifts in saltmines 

In the sedimentary beds of soft minerals such a salts, 
potash, etc., the drifts to prepare the cuts can be excavated 
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Table 22.4. 



TYPE 

CONDITIONS 

EXPLOSIVE 

MAXIMUM 
AMOUNT PER 
HOLF. IN GRAMS 

DETONATOR 

MAXIMUM 

DURATION 

OF BLAST 

OBSERVATIONS 

J. 

X 

“ t 

6 £ 

5 

< 2 

r 

* Thai the face does d<* go through coal 

- That the boles do not go through coal 

- In horizontal or upward work the fire damp concentrations at the face and last 100 m 
be under 0.5% 

- If the work is carried out with air from other labors that contains fire damp it cannot 60 
over 1% 

- In upward labor*, the maximum conceruraiion can never de over 0,5% 

- In the last 30 m. there cannot be any accumulation of coal or dust, dot work frees or 
coal haulage drifts. 

- That in the last 30 m the layers of incovered coal be under 10% of the total surface of 
the labor in tha area and that the last layer be at least at 3 m 

q 

5 

NO LIMIT 

DELAY 

OR MILLISECOND 
DELAY 



* 

2 

2* 

- That the face noi go through coal 

- That the not of holes that go througt coal be under 1/5 of the total. 

• Mixed labors of coal and rock in which the total area of coal does not exceed 10% of 
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by drilling and blasting, as well as with continous 
miners. 

The drilling is usually carried out with jumbos that are 
capable of opening cut holes with a diameter of up to 420 
mm and a depth of 7 m, Fig. 22.29. The rest of the 
blastholes with diameters of 37 and 42 mm, are usually 
drilled parallel to the axis of the tunnel and with the same 
depth as those of the cut. The explosive charging should 
be mechanized because, otherwise, the great length of the 
holes makes it very difficult. 

If the modus operandi is chambers and pillars, the 
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Fig. 22.30. Advance sequence for an excavation of chambers and 
pillars. 


opening of the chambers can be done with a central drift 
and lateral stoping holes for widening. All drilling is done 
horizontally, as indicated in Fig. 22.30. 
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Fig. 22.31. System of projecting drilling patterns in underground labors. 


22.5 EQUIPMENT FOR MARKING OUT DRILLING 
PATTERNS 

Amongst the auxiliary equipment for marking out the 
collars of the blastholes in underground labors, the dril¬ 
ling pattern projectors are available. These units are 
battery run and can be placed on a tripod on the ground or 
upon a vehicle. Once the direction of the tunnel or shaft 
has been marked, two reference points are indicated on 
the face and, following this, the hole pattern of the round 
is projected on the rock. The obtained image is focused 
and the collaring points of the blastholes are marked with 
paint, Fig. 22.31. 
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CHAPTER 23 


Shaft sinking and raise driving 


23.1 INTRODUCTION 


jfits from the underground such as 


ore recovery or the opening of large chambers, an essen¬ 
tial part of the development work is the driving of shafts 
and raises. These can be either vertical or inclined, and 
are characterized by their lineal design and drilling 
difficulties. 

During the last decades numerous methods have been 
developed, mechanizing the work by means of special 
techniques and drilling aparatus, increasing advances and 
production and improving safety conditions. 


23.2 SHAFT SINKING 

The methods for shaft sinking can be divided in three 
groups: 

- The benching method (half-bottom method). 

- The spiral method. 

- The full-bottom method. 


23.2.1 The benching method 

This method is particularly suitable for square or rec- 
tangular sided shafts. It consists in drilling one half of the 
shaft cross section with a fan, leaving the other half 
(lower) as a sump for water or spoil, if necessary, or as a 
free cavity. 

Blasting is similar to that in small benches with a free 
face, displacing the broken rock towards the space left by 
the former round. Fig. 23.1. 

Drilling is usually done by hand or with pneumatic 
hammers. _ 


23.2.2 The spiral method 

This was first used in Sweden and consists in excavating 
downwards in a spiral, with a height that depends upon 
the diameter of the shaft and the type of ground to be 
fragmented. Within each cut, a section of the spiral is 
blasted with an angle large enough to make the time 
necessary to carry out a complete cut coincide with a 
whole unit of the available work time, Fig. 23.2. 

The blastholes in each radius are drilled parallel and of 
the same length, as there always has to be a free face 
which descends with each position. 

Apart from the advantages of the yield and costs of this 


method, other interesting aspects are that the length of the 
cttt can be synchronized in function-wi th - the work pl a iv 
the drilling patterns and blasting systems are simple and 
the drilling personnel does not have to be very expe¬ 
rienced. Lastly, as the broken rock always remains in the 
deepest part, the loading equipment works with a high 
productivity. 


23.2.3 The full-bottom method 

The full-bottom method is used frequently in shaft sink¬ 
ing, as it suits either rectangular or round sections shafts. 

There are various techniques for blasthole placement 
because, as happens in drifting and tunnelling, it is 
necessary to create a free surface with a few blastholes 
unless there is a large diameter pilot hole available or 
expansion raises. The face is opened with plough cuts, 
V-cuts or cone cuts and with relief blastholes, Fig. 23.3. 

V-cuts are used in rectangular section shafts. The 
planes of the dihedrals formed by the blastholes that are 
inclined between 50 and 75° should be parallel to the 
discontinuities, in order to use them to advantage during 
breakage. 

Cone cuts are used most in round-section shafts due to, 
"on one hand, the ease with whiclrblasthole drilling carrbe - 
mechanized and, on the other, the lower powder factor 
when compared with the plough cut. The holes are placed 
so as to form several inverted cone areas in the central 
part, as shown in Fig. 23.4. 

The pull of the rounds, as well as the number of 
blastholes, depends upon many parameters such as: type 
of ground, diameter of the explosive charges, the blasting 
pattern, type of cut, work plan, and, above all, the section 
of the excavation. _ 

Set rules cannot be given for the two design parameters 
mentioned because they need to be adjusted in each case. 
For example, the number of blastholes needed for the 
driving of several shafts in South Africa, with 32 mm 
diameter charges, can be estimated by using following 
equation (Espley-Jones and Wilson, 1979): 

NB = 2D p 2 + 20 

where: NB = Number of blastholes, without including 
those of the perimeter, if contour blasts are carried out, 
D p = Shaft diameter (m). 

As to the drilling depth in each round, Wild (1984) 
recommends starting from the values indicated in Fig. 
23.5. 
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Fig. 23.1. The benching method. 




7m 



3,5 m 


Fig. 23.3. Drilling pattern in a rectangular-section shaft.— 


The same author provides a graphic on the powder 
factor in function with the dimensions of the shafts, Fig. 
23.6 

The plough cut works as in tunnels and drifts, Fig. 
23.7. The results obtained up to now are interesting, 
giving the additional advantage of easier drilling. 

A variation of the former consists in blasts with a large 
diameter central blasthole or raise. In these cases, there is 
a more efective free face which favors breakage and 
rockthrow, as well as loading, Fig. 23.8. 

If cartridged explosives are used, the relationship be¬ 
tween the blasthole diameter and the caliber of small 


cartridges should be around 1.2 to 1.25, or have a space of 
about 10 mm for the larger ones. The use of bulk slurries 
is ideal for reducing the number of blastholes or for 
taking maximum advantage of the drilling. 

The detonators are usually connected in parallel, plac¬ 
ing the circuits in ring shape, Fig. 23.9. 


23.3 RAISE DRIVING 

Raises are excavations with reduced dimensions and an 
inclination that is over 45°. Raise driving is a typical 
operation in mining and the lengths can vary, up to more 
-th an 100 m. Raises a m to unite drifts on different 
levels closing the ventilation circuits, for th e passage of 
ore and spoils, for the initial openings of sublevel stoping, 
etc. Raise driving is also frequent in civil engineering, 
especially in hydraulic plants and underground ware¬ 
houses. 

The driving of raises has been, up until recently, one of 
the most difficult operations in rock breakage by drilling 
and blasting, until the long-hole method came into use. 

Raise driving is classified in two large groups accord¬ 
ing to the drilling method used, either upward or down¬ 
ward: 

- Upward Drilling. Done by hand with a Jora lift or 
with the Alimak platform. 

- Downward Drilling. Long-holes with pilot hole cut, 
with crater cut, ‘VCR’ cut (Vertical Crater Retreat), and 
the full face method. 

23.3.1 Methods of upward drilling 

These methods were the traditional and only ones in 
existance until the long-hole method appeared. 

Classical manual method - 

This is applied in small operations where the amount of 
work to be carried out does not justify investing in special 
equipment and the raises are not very long. 

The method consists in assembling and disassembling 
an inner wooden platform, simultaneously with the ad¬ 
vance of the excavation, which not only acts as support 
but is also a work platform from which the blastholes are 
drilled with hand-held jackhammers and pushers. These 
structures are installed from service ramps as shown in 
Fig. 23.10. 

The blastholes are usually placed in V or in fan with 
pulls per round of 1.5 to 2 m and initiation sequences as 
shown in Fig. 23.11. 

This method is competetive in small mines but the 
work conditions are difficult and require very expe¬ 
rienced personnel. 

JORA lift method 

This system was discussed earlier in the chapter on 
special drilling equipment. It consists in a lift that is 
suspended by a rope that passes through a pilot hole 
driven previously along the line of the raise. 

The blastholes are usually drilled parallel using the 
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central hole with the largest diameter as cut hole, blasting 
3 to 4 m per round, Fig. 23.12. 

The central blasthole, apart from serving as cut hole in 
the blast, also provides ventilation. 

Alimak platform method 

This consists in a work platform that slides along a rack 
and pinion rail that is attached to the raise wall by 
expansion shell bolts. 

Parallel blastholes are drilled with heavy hammers and 
pushers, getting advances per round of up to 3 m. In Fig. 
23.13 a typical firing pattern is indicated. 

Once the round is fired, the bottom of the raise is 


ventilated by injecting compressed air and water. Later 
the platform is lifted and the roof is scaled, reinitiating the 
work cycle again. 

23.3.2 Methods with downward drilling 

The previous methods have the following inconve¬ 
niences: 

- The complete cycles are very long, drilling, blast¬ 
ing, ventilation and scaling, which means low productiv¬ 
ity due to lost time. 

- The need for an elevated number of highly qualified 
personnel. 
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Fig . 23.8. Blast with central raise. 


- Safety and hygiene conditions are not veiy good. 

- The cost of the operation is usually high. 

To solve these problems, in the decade of the seventies 
various experiments were started by drilling the blast- 
holes to the total length of the raise and later firing the 
blasts in stages with hanging charges. 

Logically, these methods require great drilling accu¬ 
racy, which motivated the manufacturers to design spec¬ 
ial equipment and accessories. Nowadays, the deviations 
can be maintained below 2% with top hammer drills and 
below 1% with down the hole drills. 



Fig. 23.11. Drilling pattern and initiation sequence in manual raise 


building. 
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Fig. 23.12. Design of a blast with a large diameter central blasthole. 



Fig. 23.13. Pattern of a shot with parallel blastholes. 




TOP HEADING 



Relief blasthole cut method 

This technique, which was developed in tunnelling and 
drifting, was the first to be applied in raises with long- 
holes. 

The holes are drilled with top hammer rigs with diame¬ 
ters between 51 and 75 mm, widening the central pilot 
holes up to 100 or 200 mm in diameter. 

The blastholes are placed, generally, in square-sections 
which are fired in stages in spans of 2 to 4 m; first the cut 
zone and then those of the stoping zones, Fig. 23.14, 
although, if the engineer is experienced, it is possible to 
do a full-section blast by using milisecond delay de¬ 
tonators in the cut and delay detonators in the stoping 

holes; ---- 

—Excessi ve confinement of the charges should be 
avoided in order to prevent sinterization of the rock. The 
lower ends of the blastholes are closed with any of the 
methods described in the Chapter on Blastings and Pro¬ 
duction in Underground Mining, and it is recommended 
to use water as stemming in order to eliminate stoppage. 

The patterns for the blastholes of the cut can be calcu¬ 
lated with the following equation; 

S = D { + 1.25 xD 2 

where; S = Spacing between blastholes, D { = Diameter 
of the charged blastholes, D 2 = Diameter of the central 
relief hole. 

And the blastholes of the stoping sections with the 
following equation: 

S = 10 x D, + 500 

In each section it is suggested that the burden not be 
larger than the width of the central hole towards which 
each blasthole breaks. 

The lineal charge concentrations in the cut and stoping 
blastholes are determined with the two following equa¬ 
tions: 


q { = 0.03 x D - 0.85 
q { = 0.0125 xD,+ 0.26 

where: q l = Lineal charge concentration (kg/m), q t = 
Blasthole diameter (mm). 

Fig. 23.15 shows the firing pattern for the holes of the 
cut and the first stoping section in a raise where the 
central relief hole is of 150 mm. 

The contour of the raises can be outlined by smooth 
blasting and placing the blastholes with an average spac¬ 
ing of 13 D. 

Crater cut method 

This consists in opening a cavity of approximately 1 m 2 
with five blastholes of 65 to 102 mm in diameter and 
placing the explosive charges so that they perform as in 
crater blasting, Fig. 23.16. 

Once the cut has been accomplished in all its length, 
the stoping is carried out using die patterns and charges 
indicated for the previous method. 

The configuration and situation of the charges is deter¬ 
mined by the Livingston theory: 
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Fig. 23.15. Drilling pattern and 
initiation sequence in a raise with 
a large diameter central blasthole. 


Fig. 23.16. Drilling pattern in the crater cut method. 
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Fig. 23.18. Raise blasting pattern with the ‘VCR’ method. 
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Fig. 23.19. Drilling pattern for driving a raise with a diameter of 2 m 
using 165 mm blastholes. 
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Fig. 23.17. Initiation sequence and distance from the charges to the 
free face. 


Fig. 23.20. Firing of a blast towards a large diameter pilot hole. 


Table 23.1. 


Raise section 
Spacing - S (m) 

Watergel charge per hole -Q b (kg) 
Stemming Length - T (m) 

Advance per round -X(m)_ 


Blasthole Diameter (mm) 
114 165~ 

2.40 x2.40 3.60x3.60 

1.20 1.80 

12 30 

1.5 1.8 

2.10 3.0 
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- The length of the explosive column should be under 
6 D, so that they perform like spherical charges. 

- The optimum charge depth is approximately 50% of 
the critical depth: 


D 0 = 0.5 D c 

- According to the Livingston theory, the critical 
depth has a value of: 


D c = E, x QV 3 


Where: E t = The Strain-Energy factor, Q = The explo¬ 
sive charge (kg). 

- The quantity of charge Q in the blasthole for an 


explosive density ot p t „ has a value ot: 
”3 x Tt x D 3- 


Photo 23. 1. Vertical excavation of a stoping hole using the free surface 


of a raise drilled by a Raise-Borer. 


and, taking the average value of p e = 1.3 g/cm 3 , it is 
proven that the optimum depth in function with the 
blasthole diameter is approximately: 

D 0 = 13.7 D 

D c is the distance between the free face and the center of 
gravity of the charge in the central blasthole. In the rest of 
the holes, the depth increases in intervals of some 10 to 20 
cm. The blastholes should not be too close together in 
order to avoid rock sinterization. 

The advantages of the crater cut system in comparison 
with the plough cut are the following: 

- Lower drilling costs as there are fewer blastholes 
and the central hole need not be widened by reaming, 
and 

- Drilling does not have to be as precise. 

dVCR’ method _ 

At the same time that the Vertical Crater Retreat method 
became popular, in metal deposit operations a ‘VCR’ 
system of driving raises was developed, based on the 
same principles as the crater cut method, Fig. 23.18. 

In this case the blastholes, with diameters similar to 
those used in production blasting, are placed in square 
sections with the all charges at the same height. Table 
23.1 shows two real examples given by Lang (1981), 
using high density watergels. 

The advantages that this method has over the preced¬ 
ing one are: 

- Lower drilling costs and fewer blastholes. 

- Easier charging of explosive. 


- Raise driving all in one phase which means less 
drilling, and 

- The possibility of using down the hole hammer 
drilling rigs. 

Fig. 23.19 shows the drilling pattern used in the 
Rubiales Mine for raise driving, with 165 mm ( 6 V 2 ") 
blastholes. The pattern is composed of two hexagonals 
and an inner triangle. These raises are used for exploita¬ 
tion of the chambers, shooting the production blasts 
towards the face opened by them. 

In Table 23.2, the most interesting data of these blasts 
has been compiled. 

Full-face method 

This consists in opening a pilot hole of 1 to 2 m in 
diameter with a raise borer and using it as an expansion 
hole. 

The method is carried out in large underground civil 
engineering projects and in shaft sinking or for driving 
large section raises. 

Its principal advantages are: 

- Wide drilling patterns which lowers cost. 

- Relatively small explosive charges which means 
less damage to the remaining rock. 

- Possiblilty of driving the raise in one shot. 

In Fig. 23.19, the pattern and initiation sequence of a 
blast with this method are shown. The distance of the first 
blasthole to the pilot hole should be small because the 
free face is concave and the rock is in good condition after 
being opened mechanically. 
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CHAPTER 24 


Underground production blasting in mining and civil engineering 


24.1 INTRODUCTION 


The principal meth ods for underground mining opera¬ 
tions are defined in Fig. 24.1. 

The criteria which must be kept in mind when selecting 
a method are those which refer, on one hand, to the 
morphology of the deposit and the grade distribution, and 
on the other hand, the geo-mechanic properties of the 
rock mass, taking into consideration the mineralization as 
well as the host rock, and also the technical and econom¬ 
ical aspects that each one offers in the conditions of the 
operation in question. 

In this chapter, the principal mining methods used 
today will be revised, placing special emphasis upon 
those that have been recently developed using large di¬ 
ameter blastholes (100 to 200 mm), enabling a high 
degree of mechanization to be reached along with high 
output and low operational costs. In Table 24.1, the mean 
productivity per day for each of the methods is shown. 

Finally, the procedures for excavation large chambers 
or caves for use of underground space in non-mining 
applications, such as hydraulic power plants, liquid fuel 
tanks, toxic and radioactive residues, etc. 


24.2 CRATER RETREAT METHOD 
24.2.1 Crater blasting 

The concept and development of crater blasting attri¬ 
buted to C.W. Livingston (1956), opened a new school of 
thought for better understanding of the phenomenon of 
blastings and the characterization of the explosives. 

A few years later, Bauer (1961), Grant (1964) and 
Lang (1976) among others, widened the held of applica- 
tion of this theory, converting it into a basic tool for the 
study of surface as well as underground blastings. 

A crater blast is that which is carried out with concen¬ 
trated spherical or cubic charges and with good approxi¬ 
mation using relatively short cyllinder charges that are 
detonated inside the rock mass to be fragmented. 

In Fig. 24.2, the influence of the energy transmitted by 
the explosive to the rock, depending upon the depth of the 
charge and the volume of material affected by the blast. 
When the charge has a very shallow burial (a) most of the 
energy is transmitted to the atmosphere in form of airb- 
last, up to an excessive depth (c) where all the energy is 
applied upon the rock, fragmenting it and producing a 


high intensity vibration. Between the two situations, 
there will be one that produces a larger crater. _ 

In the cavities formed, three different concentric zones 
can be found: the aparent crater, the true crater andthe - 
mound of fragmented rock, Fig. 24.3. 

The mound is subdivided into the zone of complete 
fragmentation and that of extreme or tensile fragmenta¬ 
tion. In blastings with inverted faces, ths crater sizes are 
influenced by the effect of gravity and the structural 
characteristics of the rock, forming elongated, elliptic 
shaped cavities which correspond to the extreme rapture 
or stressed zones, Fig. 24.4. 

The basic parameters for crater blasting are: 

- The ratio Length/Diameter of the cylindrical explo¬ 
sive charges should not exceed 6 to 1 so that they perform 
as spherical charges. 

- The burial depths, distance between the center of 
gravity and the free face, should be the optimum which is 
determined through practice applying the Livingston 
theory. 

- The drilling pattern is calculated from the optimum 
depth and maximum volume of the craters. 

Livingston determined that a relationship existed be¬ 
tween the critical depth D c , from which the first signs of 

noted, and the weight of the explosive Q, in agreement 
with the empirical equation: 

D c = E t x q'^ (Equation of Strain-Energy) 

where: E t = Strain-Energy Factor, which is a character¬ 
istic constant in each Rock-Explosive combination. 

The preceding equation can be written in the following 
manner: 

_ D t = A x E, x (2^_ 

g i w 

having: D = Distance from the surface to the center of 
gravity of the charge, A = Relationship of depths, a 
dimensionless number equal to D g /D c . 

The burial depth, where the explosive maximizes the 
crater volume V is known as the optimum depth D o , 
therefore: 

A. = DJD c 

where: A 0 = Optimum depth relationship. 

In order to determine the optimum burial depth, a 
series of tests will be carried out with attention to the 
following recommendations: 

- The tests will be done on the same type of rock and 
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Fig. 24.1. Underground mining methods. 


Table 24.1. 
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with the same explosive that is to be used in the produc¬ 
tion blasts. 

- The blasthole diameters will be as large as possible, 
for example 115 mm. 

- The series of pilot hole lengths will be as ample as 
possible to allow an ample range of burial depths, for 
example 15 blastholes between 0.75 and 4 m with 
increases of 0.25 m. 

- The blastholes will be placed perpendicularly to the 
free face. 

- The explosive charges will have a length of 6 D and 
will be adequately stemmed. 

After each test, the volume of the crater will be mea¬ 
sured, and afterwards, with all information in hand, the 
"Volume-Depth curve wiHbe~establishedr Fig T- 2 4 .5. - 

In order to better describe the rock breakage procedure 
and the importance of charge shape, Livingston also 
proposed the following empirical equation: 

V/Q = E?xA'xB'xC 

(Equation of the Fragmentation Process) 

where: A' = Coefficient of the use of explosive energy, 
If = Coefficient of the behavior of the material, C - 
Coefficient that takes into account the effects of the 
geometry of the charge. 

If the charges used are spherical and the depth is 
optimum, the value of If can be determined by the 
preceding equations because A' = C = 1, V = V Q , and 
therefore: 

If = VID? 

As in this type of blastings it is necessary to maximize the 
efective energy developed per unity of charge length, the 
explosives used will comply with the following charac¬ 
teristics: high detonation velocity, high density and the 
possibility of completely filling the cross section of the 
blasthole. 

The ideal explosives for hard rock are the watergels, 


emulsions and gelatin dynamite, and in medium and soft 
rocks the lower density and velocity watergels. ANFO 
has a very limited range of application and is only used in 
soft rocks. 

24.2.2 Mining method with vertical crater retreat ‘VCR’ 
stoping 

This method consists basically in delimiting the ore stope 
that is to be exploited by a system of shafts directed to a 
different level, by drilling from the charging level the 
whole series of blastholes that cover the room and firing 
them in successive upward rounds with elongated spe- 
rical charges L <6 D, placed in the optimum depth in 

-soch-a-way-th at - t h e ex cavatedx. r at ers o verla p to form as _ 

regular a roof as possible, Fig. 24.6. 

The broken ore is hauled away through cross cuts 
excavated from the extraction level to the draw point of 
the stope. The extraction is usually done in a controlled 
manner, evacuating only the quantity of ore necessary to 
allow sufficient space between it and the stope ceiling for 
the next round, avoiding detachments from die side walls 
which would dilute the ore. 

Once the deviations of the drills are under control, as 
well as the height of the cut in each of the craters 
excavated in each round, procede to charge the explosive, 
after plugging the lower part of the blastholes by one of 
the systems shown in Fig. 24.7. 

Once the explosive charge has been placed at the 
adequate depth with its initiator and/or multiplicator, it 
will be stemmed to improve the confinement with a 
length of inert material 12 times the diameter of the 
blasthole, using fine sand or water to avoid the risk of 
obstruction, Fig. 24.8. 

In this type of work a determined initiation sequence is 
not necessary, as in bench blasting, owing to the charac¬ 
teristics of the breakage mechanism in crater blasts. 
However, when there are charges under the mean level of 
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b. OPTIMUM APPARENT CRATER ~ 0,6m/Kg 1/a 



Fig. 24.2. Effects of increasing depth of burial on crater shapes. 
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Fig, 24.S. Demonstration of the results of crater blastings. 
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Fig. 24.3. Zones of a crater. 


Fig. 24.6. Pattern of the ‘VCR’ stoping mining method. 





Fig. 24.4. Dimensions of the cavities created by spherical charges with 
inverted faces. 
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Fig. 24.8. Design of the charge in a blasthole. 



Fig. 24.9. Typical vertical crater retreat blasting delay pattern. 


the stope ceiling it is recommended that they be fired first. 
It is also convenient, whenever possible, that each charge 
have two free faces, thus increasing fragmentation. In the 
pattern of Fig. 24.9, a typical sequence in this method is 
representated, so that the blastholes of the same number 
have two free faces, one is the stope ceiling and the other 
the walls of the craters excavated in earlier blasts. 

The breakage of the final crown of the pillar, which is 
right underneath the charging level or topsill, requires the 
use of special blasts which can be designed knowing the 
mean vertical advance in each round and the dimensions 
of the crown. As a general guide, the criteria in Table 24.2 
can be followed. 


24.2.3 Advantages and inconveniences of the ‘VCR’ 
method 

This method has the following advantages: 

- Optimum safety for personnel and equipment (ex¬ 
cluding the last blast in which the crown is broken). 

- With warehouse chambers, the protection needed 
for the orebody side walls is reduced as the broken and 
swollen ore acts as support. 

- As the charge weights per hole or delay are small, 
the vibration levels are not very high. 

- The fragmentation is usually good. 

- Muck loading, without remote control, can reach 
70% and, if there is lateral access, it can be up to 80%. 

- It is well adapted t o nar r ow orebodi es o f around-3to 
TO m thic k^—even with inclinations that are not very 
elevated, and 

- No need to drill raises. 



Photo 24.1. Test crater blast. 


Table 24.2. _ 

Dimension of crown* Blasting procedure 
< 1.5X Single blast. Single symmetrically placed 

charge 

1.6-2.0 X Single blast. Decked charges fired simulta¬ 

neously 

> 2.0 X_Two separate blasts__ 


*Function of the mean vertical advance per round X. 
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Fig. 24.10. Design of a crown blast (Hagan). 


On the other hand, the problems are: 

- Pour ventilation while loading the ore, requiring 
secondary ventilation. 

- The damage to hanging walls is extensive with risk, 
on occasions, of caving. 

- Grade control is difficult because in each round the 
muck piles up on that of the preceding blast and mixes 
during its descent, and 

- After the extraction, rock can fall off the side walls 
and increase dilution. 

24.3 LONGHOLE METHOD 

24.3.1 Long blasthole mining method ‘LBH’ 

The longhole method, ‘LBH - Large Blasthole’, is an 
application of the principals of open pit bench blasting to 
underground mining. The method affects primarily the 
breakage operation and, in a certain way, the preparation 
of stopes as, in general, the work is carried out on two 
sublevels, one for drilling and another for extracting. 
However, the operational methods are the same as in the 
conventional - su b l e v&l - open - st o pping y Eig^ l H - L - 

In the ‘LBH’ method, each stope is divided into three 
clearly differentiated sectors: 

- The undercut, which carries out the mission of re¬ 
ceiving the fragmented ore and creating a free face in the 
bottom of the blastholes. 

- The longhole sector, where the large diameter pilot 
holes are drilled and represent between 85 to 90% of the 
chamber tonnage. 

- The slot raise, which is used as the first vertical free 
face of the blast; for the undercut as well as for the 
longhole zone, Fig. 24.12. 

The slot raise, or beginning of the sector, is constructed 
from a raise with dimensions that oscillate between 1.8 
and 3.5 m, depending upon the case, and which can be 
excavated with a raise borer or by the ‘VCR’ method 
using the available drilling equipment. 

From the raise, the undercut is created with vertical fan 
shaped holes, usually of 65 mm, on a pattern of 1.5 x 2 m 
in the bottom of the blastholes. The powder factor is 
around 800 g/t. 

Afterwards, with the production drilling equipment, 
large diameter blastholes are opened (165 mm) on a 
triangular pattern, Fig. 24.13. 


24.3.2 Blasting in the longhole method ‘LBH’ 

To calculate the drilling pattern in the long blasthole 
zone, Langefors equation is usually applied: 

D I p e x PRP 
Bmm - 33 x/x (S/B) 


where: B max = Maximum burden (m), D = Blasthole di¬ 
ameter (mm), c = Rock constant (Taking generally: c = 

0.3 + 0.75 Medium hard rocks; c = 0.4 + 0.75 Hard 
rocks), /= Fixation factor (Vertical blastholes; /= 1, 
Inclined blastholes; 3:1 /= 0.9; Inclined blastholes 2:1 
/ = 0.85), S/B = Relationship between spacing and bur¬ 
den, p c = Charge density (kg/dm 3 ), PRP = Relative 
weight strength of the explosive. 

The value of the practical burden is established from 
the maximum value, applying a correction for the devia¬ 
tion of the blastholes and collaring errors: 

B = B max -2D-0.02L 

- where - L - is - the -b lasfiiole - len g fe - 

The spacing S is determined with the equation: 

5= 1.25 B 

The drilling pattern influences the sizing of the drifts or 
cuts of the top level of drilling. 

The bench blasting in this method does not require toe 
breakage, therefore it is only necessary to use the column 
charge. The most used explosives are: ANFO for hard 
and medium hard rock, and ALANFO for very hard rock. 

If there is water present in the blastholes, the charge can 
be placed in a plastic covering or use watergels and low 
density emulsions. 

The main problem in this type of blastings is the level 
of vibrations generated by the large quantity of explosive 
that can be accomodated in the blastholes. 

These vibrations produce dynamic stresses that can 
cause damage in the underground labors or the nearby 
installations. 

This problem is solved by decking the charges with 
intermediate stemming or wooden separators. After stu¬ 
dying the vibrations, the maximum quantity of explosives 
needed to form an elemental charge should be determined 
by observing the following: 
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Fig. 24. U. Blasthole drilling patterns for conventional sublevel open 
stoping and for long blastholes. 




a) LONGITUDINAL SECTION b ) TRANSVERSAL 

Fig. 24.12. Representative sectors of the long blasthole method. 


RAISE 


1— -2 - 

. 


. -V* . ?■ 

- 15- » -S—24- 

. A . A . A 1 

0-M / 

/ \ / \ 
\ / 

\ / / 

\ / \ / \ / \ i 

5 4 6 

CD 

io 12 

14 16 18 '0 


Fig. 24.13. Slot blasting to a bored raise with 165 mm blastholes 
(Hagan). 

- The relationship Length of charge/Diameter should 

be maintained above 20 to obtain a good fragmenta¬ 
tion^_ 

- The volume of rock in front of the intermediate 
stemmings tends to make fragmentation worse. 

- A large subdivision of the blastholes makes for a 
more complex charging operation and initiation system. 

The length and type of intermediate stemming between 
deck charges should be such as to: 

- Not produce sympathetic detonation or desensitiva- 
tion of the adjacent charges that are initiated at different 
times. 

- Achieve adequate fragmentation along the length of 
the stemming column. 

- Assure that the stemming material has a size distri¬ 
bution close to 1/20 D, to inhibit secondary sulphate 
blasts, if necessary. 


Therefore, the criteria for sizing should be, according 
to the type of explosive, Table 24.3. 

The elemental charges by delay oscilate between 100 
and 200 kg and are carried out as shown in Fig. 24.14. 

The initiation of the charges can be done with electric 
detonators inside the blastholes or with a non-electric 
system, such as Nonel detanotors, low core load cord 
with temporized boosters, etc. In all cases boosters are 
necessary and it is recommended that two per charge be 
used. 

The advantages of the non-electric initiation methods 
are the following: 

- Lower risk of accident produced by premature firing 

of the detonators. __ 

- Reduced charging time. 

- Easy to handle. 

- A sequential blasting machine is not necessary. 

The initiation sequence of the blast is from bottom up, 

with the following recommended delay timings. Accord¬ 


ing to Du Pont: 

- Charges in the same blasthole.50 ms. 

- Adjacent charges in the same row.10 ms. 

- Charges between rows . ..75 ms. 


Table 24.3. __ 

Explosive Intermediate stemming 

ANFO 12 to 15 D 

Watergels _ 16 to 18 D _ 


MILLISECOND 

RELAY 


DETONATNG 

CORD 



Fig. 24.14. Decked charges. 
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compression of the muck because it falls from a great 
height. 


24.4 SUBLEVEL STOPING WITH BLASTHOLES IN 
FAN PATTERN 
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Fig. 24.15. Initiation system for blasts with continuous charges per 
delay: (a) standard blast, (b) extra relief for pillar-line holes and (c) 
double-row blast (Hagan). 


When firing one row blasts with continuous column 
charges, the sequence will be such that initiation starts in 
the center of the row, Fig. 24.15a. When the probability of 
cut offs is minimal, due to the delay elements being inside 
the holes, pillar damage can be reduced by setting a long 
delay timing in the blastholes at each end, Fig. 24.15b. 

In double-row blasts, in which each hole contains a 
continous column charge, the placing of only one delay 
per charge makes the initiation system more difficult and 
increases the risk of cut offs owing to the amount of 
- de l ays -^x isfing -b etween - a - hole - dn -t h e- firs t- T o w - and - th e- 
adjacent one in the next row, Fig. 24.15c. 


24.3.3 Advantages and inconveniencies of the Longhole 
method ‘LBH’ 

The main advantages of the longhole method are: 

- Extra safe working conditions and regularity in pro¬ 
duction. 

- High productivity and breakage yield per lineal 
TneKsrdriltedr - 

- Very high benches, up to 70 m, which make large 
size blasts possible. 

- Less damage to the remaining rock, as the blast has 
two free faces and the blastholes can be designed with 
decked charges. 

- The possibility of loading up to 80% of the broken 
rock without remote control. 

- Lower powder factor than with the ‘VCR’ method. 

- Use of less expensive explosives such as ANFO 
instead of watergels or emulsions. 

- Lower drilling and blasting costs, and 

- Good grade control and low ore dilution. 

The main disadvantage of this method is that it causes a 


This system is applicable to sub-vertical orebeds with 
side walls that have good characteristics, so that the when 
the ore is extracted large open stapes remain, similar to 
those in the ‘VCR’ and ‘LBH’ methods. 

The drilling is done from drifts on the sublevels in fan 
shape with upward or downward blastholes, or both, 
whose lengths are adapted to the surrounding ore. In an 
effort to reduce the preparation work, which is costly, the 
blastholes are made as tang as possible, Fig. 24.16. 

The drilling rigs used are of special design with exten¬ 
sion drill steels and bits of 51 to 64 mm. The separation 
between drilled sections is usually around 1.2 and 1.8 m. 

The collaring, orientation and deviation of the blast- 
holes are some of the operative conditions necessary to 
obtain good blasting results. This means that it is necess¬ 
ary to use special orientation systems and accessories, 
and not drill blastholes of more than 25 m. 

The blasts are done with one free face, and partially 
removing the muck from the preceding rounds. 

The yield of broken rock per lineal meter drilled is low 
because the planned spacing diminishes as it nears the 
collar, leaving part of the blastholes unused in the break¬ 
age. 

The calculations of the drilling patterns are taken from 
the necessary powder factor, which is a function of the 
rock type, drilling length and width of the blast. 

0.40 

CE = CE + 0.03 L +- 

AV 
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Fig. 24.17. Detail of a drilling pattern. 


Table 24.4. 


Type of rock 

Base powder factor CE o (kg/m 3 ) 

Fissured and hard 

0.6 

With joints 

0.55 

Fractured 

0.5 

Relatively homogeneous 

0.45 

Homogeneous and hard 

0.40 

Soft and homogeneous 

0.35 


where: CE = Designed powder factor in the bottom of 
the blasthole and in one fifth the length of the same, 
expressed in kg/m 3 of gelatin explosive, CE 0 = Base 
powder factor of the rock, calculated from Table 24.4, 
L = Blasthole length (m), AV = Width of the round (m). 

_ The pattern in the bottom is calculated from the lineal 

charge concentration q t that is to be reached, making 


A e = SxB = 


q t (kg/m) 
CE (kg/m 3 ) 




Fig. 24.18. Blastholes drilled in fan pattern in parallel planes following 
the standard equilateral triangle design (Hagan). 


- Water gels and cartridge gels with pneumatic 
chargers. 

- Water gels and bulk emulsions with pump units. 

- Bulk ANFO with pneumatic chargers. 

Recently, Hagan suggested drilling holes in a fan pat¬ 
tern following reorientated equilateral triangles. In Fig. 
24.18, the conventional drilling pattern can be observed. 

These patterns bring the following problems: 

- The distribution of the explosive energy is only 
optimum within a cylinder of rock with r radius. As this 
magnitude diminishes, so does the effectiveness of the 
pattern. 

- When the sector that has been drilled in fan pattern 
has an angle that is smaller than 360°, Fig. 24.19, the 
distribution of the energy at the farthest points of the 
pattern (e.g. in the volume ABC of Fig. 24.18) is un¬ 
sufficient and, consequently, so is fragmentation and 
swell. 


proving the ratio: 

S 

- = 1.3 to 2 
B 


having: S - Spacing (m), B = Burden (m). 

When S = 2B 2 good results are usually obtained and 
then A e = 2 B 2 , where the value of the burden is found in 
order to calculate the spacing. 

The column charge is designed between 50 and 75% of 
the bottom charge, with sufficient length to obtain good 
fragmentation. 

To lower drilling costs, it is necessary to get maximum 
results from the same based upon mechanized systems of 
charging. 

The most frequently used explosives and blasthole 
filling equipment are the following: 

- Cartridge gels with pneumatic chargers. 



Fig. 24.19. Drilling sector with blastholes in fan pattern with a central 
angle that is under 360° (Hagan). 
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Fig. 24.20. Parallel fan holes drilled in a conventional pattern and with 
the S/B relationship value equal to 1.155 at collaring points (Hagan). 



Fig. 24:23. Minimum distance between charges tor ditterent drilling 
patterns and values of r (Hagan). 



Fig. 24.21. Values of 0 and r for different S/B relationships at collaring 
points (Hagan). 



Photo 24.2. Drilling an uphole. 
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Fig. 24.22. Drilling blastholes in a fan pattern with reorientated equila- 
teral triangle designs (Hagan). _ 


- As the distance between charges in a fan pattern 
decreases, the probability of a charge initiating, desensi¬ 
tizing or ‘robbing, the burden of other adjacent charges 
increases. 

In Fig. 24.20, it can be seen how the parallel fans are 
dephased from one another with a pattern of equilateral 
triangles, obtaining a S/B relationship value that is equal 
to 1.155 at the collars. 

In Fig. 24.21, one can observe how the values of S/B 
and 9 diminish as r decreases from R to 0. This decrease 
signifies a smaller amount of energy freed, an increase 
between the predicted and actual detonation times, more 


energy lost in vibrations and fly rock, and a poorer 
distribution of the useful energy. 

By rotating the equilateral triangles 30° with respect to 
the face line, the drilling pattern shown in Fig. 24.22 is 
achieved. 

With these patterns, S/B values that are equal to 3.464 
can be reached, giving the following advantages: 

- For any value of r the minimum distance between 
charges is larger, for an S/B relationship at the collaring 
point of 3.464, Fig. 24.23. For this reason, the probability 
of the detonation of a charge initiating or harming another 
adjacent one with a later break time is smaller. For the 
reorientated patterns, the minimum distance between 
charges refers to between adjacent fans if R > r > 0.3 or 
within the same fan, as happens in the conventional 
patterns, if r < 0.3 R. When S/B is under 1.0, the capacity 
of a charge to initiate or harm an adjacent charge rapidly 
increases. 

- When the S/B relationship at the collaring point is 
over 2.4, part of the ore is fragmented by sections of 
charges near the collar that break towards balanced con- 
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cave biplanar faces. As S/B increases from 2.4 to 4.0. the 
percentage of fragmented ore increases from 0% up to 
64%. This only happens in reorientated patterns. 

- As r diminishes, the blastholes deviate from their 
initial reorientated pattern, but they go through a conven¬ 
tional equilateral triangle pattern upon a cylindrical sur¬ 
face that has a radius of r = 0.3 R. 

Therefore, it can be deduced that the reorientated pat¬ 
terns with collar S/B relationships close to 3.5 allow a 
better use of the explosive energy, with the consequent 
reduction in drilling and blasting costs, avoiding the 
potential problems of unstability, and producing lower 
vibration levels. 


24.5 ROOM AND PILLAR MINING 

Used in horizontal or flat dip bedded deposits of salts, 
limestone, potash, iron, etc, with maximum inclination of 
30° and rocks with stable geomechanic characteristics, 
ore that can be extracted by excavating large chambers 
and leaving pillars to support the side walls. 

The pillars are placed in regular patterns, usually squa¬ 
re, circular and sometimes rectangular. Their sizing is one 
of the most important aspects because it conditions the 
ore recovery and the stability of the operation. 

In horizontal deposits, or with little inclination, the 
process consists in opening drifts for the extraction and 
haulage of the ore. This is often done by connecting these 
labors with the previous drifts. The dimensions of the 
excavations correspond with the height and width of the 
drifts, and the machinery used is composed of jumbos 
with several booms and drilling rigs which gives a high 
degree of mechanization. 

The inclined orebodies are divided vertically into 
levels, from which the haulage drif ts are established 
along the foot walls. These drifts serve as access ways to 
the production areas where the operation continues up¬ 
wards to the next level. The drilling for the blasts in these 


areas is carried out with hammers installed upon pushers. 
Mechanization is not wide spread in this method, which 
means abundant manual labor and low productivity. 

A variation of the room and pillar method in inclined 
orebeds is composed of sloping drifts which serve as 
access to the operation zones and can be climbed by the 
jumbos. From these access drifts, other horizontal drifts 
are excavated at intervals, following the ore boundary as 
closely as possible. 

In thick deposits, the excavations cannot be carried out 
with the jumbos in one phase, which means that the ore is 
divided vertically, and the lower part is recovered by 
bench blasting. The benching is carried out with conven- 
tional rigs and vertical'blastholes. Fig. 24.24. 


that is applied extensively to improve stability which, 
apart from production drilling, should be taken into con¬ 
sideration as a corresponding part of the work. 

24.6 CUT AND FILL MINING 

This method was originally developed in Canada in the 
later fifties. It consists in excavating the ore by ascending 
horizontal sublevels, filling the holes produced by ore 
extraction from the deepest sublevels with waste ma¬ 
terial, which serves as support for the hanging walls and 
as a work platform for the drilling, charging and haulage 
equipment. Hydraulic filling is a usual practice because 
of easy transportation and the possibility of mixing it with 
a small percentage of cement, Fig. 24.25. 

This method has the following advantages: 

- High ore recovery. 

- Grade and dilution control. 

- Mechanization of the operations. 

- Fewer problems of side wall stability and surface 
caving, and 

- Easy and effective ventilation. 

Two systems can be used for drilling and blasting: 



Fig. 24.24. Room and pillar mining. 
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Fig. 24.25. Cut ancTfiTl mining method. 
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Fig. 24.26. Systems of drilling and blasting. 


vertical drilling into the roof by the inverted bench meth¬ 
od, and horizontal drilling, as in a bench that is turned 
90°, Fig. 24.26. 

The first system has the advantage of being able to drill 
a large area quite in advance of the blasting and charging 
operations. The quantity of ore extracted can be as large 
or small as desired. The drilling does not usu ally sur p ass 
four meters vertically, because the total height of the 
excavation would be excessive and the blastholes are 
placed with a 50 to 65° inclination. One inconvenience of 
the system is the irregularity and poor condition of the 
roof after each blasting. In some mines it is necessary to 
previously reinforce the ore mass with cemented cables 
to avoid its caving in. 

The second system consists in drilling horizontal blast- 
holes with the same length as the drill rods, also less than 
the four meters, and shoot towards the lower free surface. 
The volume of each blast is limited because it has to be 
drilled from the face. The advantages of this alternative 
system are: a more regular roof surface, lower height of 


the hole opened, improved selectivity and ore recovery. 

Although hand held drills and pushers can be used for 
the drilling with blastholes of 29 to 33 mm diameters, the 
normal practice is to use drilling wagons and jumbos with 
larger diameters such as 33 to 64 mm. 

The explosives used go from the conventional and the 
slurries to ANFO, with powder factors that vary between 
200 and 260 g/t. 

When drilling is vertical, the stemming of the blast- 
holes is done with clay plugs. 

24.7 UNDERGROUND CHAMBERS IN CIVIL EN¬ 
GINEERING PROJECTS 


During the lasrdeeadesThereiras been an increase-hrthe- 
use of underground space for diverse projects: 

- Hydroelectric power stations. 

- Fuel storage. 

- Depots for toxic and radioactive residues. 

- Atomic shelters. 

- Military instalations. 

- Underground parking lots. 

In relation with the height of the chambers, these are 
classified as follows: 

- Small, with a total height of under 10 m. 

- Large, of up to 60 m or more. 

24.7.1 Small chamber sloping 

This type of chamber is similar to large section tunnels 
with the excavations carried out in the same manner. 
Generally, the mining is divided into phases which begin 
in the top part with a pilot drift (1) and lateral stope holes 
(2), to follow by benching in the lower part with hori¬ 
zontal or vertical blastholes (3), Fig. 24.27. 

_So as-to not harm th e rock a n d diminish the thickness 

of the concrete lining, smooth wall blasts will be carried 
out in the final profiles. 

The lower bench is broken once the upper section is 
finished, or with a certain time difference. The stoping 
can be done with horizontal blastholes, using the same 
jumbo of the other sections, or with vertical blastholes, 
using a surface drilling rig. The normal drilling diameters 
for the horizontal holes are from 32 to 45 mm and 50 mm 
for the vertical holes. 


24.7.2 Large chamber stoping 

In large chambers, the normal practice is to carry out the 
excavations from top to bottom in descending phases, 
with different drilling and blasting systems. Fig. 24.28. 

Phases 1 and 2 are done with horizontal drilling and 
removal of broken rock through the pilot drift. The phases 
3,4 and 5 are normally carried out with vertical drilling 
and rock removal through the different access levels 
which, in the case of the hydroelectric power stations, can 
be the alternators, lower tracts of pipelines, drainage 
drifts, etc. 

The vertical blastholes are usually limited to 4 m in 
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Fig. 24.27. Stoping phases in a small chamber. 


height, because they permit the use of a glory hole raise 
for the evacuation of the broken rock. 

The excavation procedures vary with the quality of the 
rock, but in any case it is done with the idea of assuring 
contour stability as it advances downwards. The excava¬ 
tion of the top part or arch is carried out in phases, as 
indicated, from a drift that is used for examination. If the 
ground is good, a systematic bolting of the surface with 
gunite reinforcement steel ribs is usually performed and, 
if the rock is poor, the excavation is carried out in trans¬ 
versal sections, leaving between them others that are not 
excavated until the arches already opened have been 
concreted. 



— In the hy droele c tri c power sta tions, the end of the top 
section depends up on the method chosen for support of 
the guide rails for the crane bridges. The most difficult tcT 
solve is when they rest on the actual rock. In this case, 
underneath the top section level a trench cut is performed 
to later carry out two cross cuts, in two horizontal planes, 
and two presplits, usually in the vertical planes. This way, 
the comers of the rock are formed, assuring their integrity 
and resistance. 

Bench blasting is the easiest and therefore should be 
used as much as possible. The bench heights are not 
usually very large because the blasts are done in relative¬ 
ly high conditions of confinement, drifts usually enter in 
the central cave and it is necessary to support the side 
walls as the excavation precedes downwards. For these 
reasons, the horizontal and vertical drilling should be 


Photo 24.3. Hydroelectric Power Station of Saucelle (Iberduero, Photo 24.4. Side walls with presplitting in the Hydroelectric Power 
S.A.). Station of Saucelle (Iberduero, S.A.). 



Fig. 24.28. Excavation phases in Aldeadavila II (Courtesy of Iberduero, S.A.). 
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Harries, G. & T. N. Hagan: Some considerations of blasting with large 
diameter blasthole underground. A.M.F., 1979. 
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Fig. 24.29. Detail of chamber with support of guide rails. 

simultaneous, apart from the availability of different 
drilling rigs. 

For the removal of the broken rock from the lower parts 
of the hydroelectric power stations, it is recommended 
that the accesses be drilled beforehand, at the same time 
that work is being done in the top part of the caves. 

As for the calibers of the blastholes, the usual ranges 
are 32 to 45 mm for the horizontal drilling, and from 50 to 
65 mm for the vertical. 
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CHAPTER 31 



Structure and building demolition 


31.1 INTRODUCTION 


The use of explosives for demolition of civil engineering 
structures such as buildings, bridges, chimneys, etc., 
constitutes an economic and sometimes complementary 
system of the conventional ones that are accomplished by 
hand or with mechanical means. 

The demolition of buildings by controlled blasting is a 
technique that was developed in Europe during the recon¬ 
struction of the cities destroyed in the 2nd World War 
and, owing to its advantages, it was later extended to the 
rest of the world. 

These labors with explosives consist in placing small 
charges in strategic points of the structures, provoking 
unstableness and fragmentation during the fall in a 
prefixed direction. 

In this type of demolitions, the following general prin¬ 
ciples must be taken into account: 

- The breakage of the constructive elements by elimi¬ 
nating unions and sectioning rigid parts so that once 
instability is induced the structure collapses with the 
force of gravity and its own weight does most of the 
demolition. 

- Division and distribution of the charges to achieve a 
completebreakagepnaintaining acompletecontrol over 
flyrock and generated vibrations. 

- Proper choice and application of the initiation se¬ 
quence to provoke the fall of the structure in the desired 
direction. 

The advantages of demolitions with explosives over 
the classical systems can be summed up in: 

- Lower global cost, especially when the structures 
have elevated heights. 

- More rapid execution. 

- Safer when carried out on or near traffic arteries. 

- Disturbances limited to a short time. 

- High work control. 

- Possibility of using conventional loading procedu¬ 
res. 

On the other hand, some of the inconveniences are: 

- A project and complete study of the blast is neces¬ 
sary. 

- The loss of time dedicated to obtaining permits and 
legal transactions. 

- The impossibility to recuperate some constructed 
elements of value. 

- The necessity of interrupting the traffic in the vecin- 
ity of the blast. 


- Sometimes there are no building plans of the struc- 
tnres and the characteristics of the building materials are 
not known. 

- The safety measures that should be taken during the 
work are: 

- The explosive charges must be covered with ade¬ 
quate protection such as heavy splinter-proof covering 
material, sandbags, nets, etc., to avoid flyrock. 

- Before and during the blast, the structure and area 
surrounding should be sprayed with water to eliminate 
dust. 

- The surrounding area of the blast should be in¬ 
spected and evacuated. 

- If there are buildings nearby, ground vibration mea¬ 
surements should be carried out. 

- If contact charges are to be used, which is not 
common practice, flyrock and airblast must be con¬ 
trolled. 

31.2 DRILLING DIAMETERS AND TYPES 
OF EXPLOSIVES 

As already indicated, in demolitions with explosives, the 
charges are individual and very small, usually under 50 g 

and-the-blastholes—are-usuaHy^ituatedin--points-of- 

difficult access. For this reason, the most widely used 
drills are hammers with a drill diameter of 38 mm. 

The equipment weighs 25 kg when vertical holes are 
drilled with lengths of up to 3.6 m, and light hammers of 
around 12 kg for horizontal blastholes with a maximum 
length of 1 m. 

Only in the case of large foundations and structures out 
in the open, where there is no risk of flyrock, is it possible 
to use drilling rigs with a range of diameters between 50 
and 65 mm. 

As to explosives, because the greater part of the ele¬ 
ments to be fragmented are made up of concrete, bricks, 
and rarely, of stone, high tension energy explosives are 
the most adequate, meaning those which have high densi¬ 
ties and detonation velocities, along with great utilization 
sensitivity and safety. Therefore, the gelatins in cartridges 
of 22 and 26 mm diameter are the most widely used. 

Other explosives which can be frequently used for this 
type of work are: the powders, the watergels and the high 
grammage detonating cords. 

In the following, the powder factors refer to gelatin 
explosives with a density in cartridge of 1.4 g/cm 3 , and a 
detonation velocity of about 5.200 m/s. 


312 



Structure and building demolition 


313 



Photo 31.1. Preparation of the explosrvecharge. 


31.3 DEMOLITION OF STRUCTURAL ELEMENTS 

In the design of the blasts, a first division is made between 
isolated structural elements and complete structures or 
construction. 

In the first group the following elements are taken into 
consideration: 

- Foundations 

- Concrete or cement walls 

- Pillars 

- Slabs 

- Roofs, and 

- Beams. 


31.3.1 Foundations 

The foundations are drilled with vertical blastholes and 
with lengths that depend upon its size and with a square 

-pa tt e rn - 8 = S --- 

The explosive charges are prepared by uniting pieces 
of about 50 g to a detonating cord and with a spacing that 
is in function with the density of the calculated charge. 

In Table 31.1, the specific charges and patterns recom¬ 
mended by Gustafsson in function with the material of 
the foundation are indicated. 

In order to obtain a good fragmentation which faci¬ 
litates loading, at the same time that the flyrock is con¬ 
trolled, an initiation sequence with millisecond delay 
detonators is recommended. 


Table 31.1. 


Material 

Powder factor 
CE (kg/m 3 ) 

Drilling 

B = S (m) 

Non-reinforced concrete of poor 
quality 

0.25-0.30 

0.70-0.80 

Non-reinforced concrete of good 
quality and material strength 

0.30-0.40 

0.60-0.70 

Reinforced concrete with only 
surface reinforcement 

0.60-0.75 

0.50-0.60 

Reinforced concrete with heavy re¬ 
inforcement 

0.80-1.0 

0.50-0.55 

Extra powerful reinforced concrete of 
military type 

1.5-2.0 

0.40-0.50 


Table 31.2. 


Thickness of wall H m (cm) Pattern - B X S (cm) Number of rows 


35 

30 x 30 

2 

45 

35 x 35 

2 

60 

45 x 45 

2 

70 

55 x 55 

3 

> 100 

55 x 55 

3 


Table 31.3. 

Thickness of wall H m (cm) 

Pattern 

Number of rows 

35 

25 x25 

2 

45 

30 x 30 

2 

60 

45 x 45 

3 

70 

50x50 

3 


the height of existing spaces, such as doors and windows, 
to achieve greater breakage and easier drilling. 

The number of rows should never be less than 2 and 
should be increased if the wall is to collapse. 

The recommended patterns in function with the thick- 
-nes s of the wall are indicated in Table 31.2. - 

Depending upon the quality of the material, consisten¬ 
cy and risk of flyrock, the specific charge oscillates 
between 0.5 and 1.0 kg/m 3 . 

Drilling lengths depend upon the thickness of the wall 
H m . Under normal conditions, the holes are drilled with 
L = 2 AH m leaving a stemming of T = l AH m and a charging 
zone of the same dimensions, Fig. 31.1. 

The placing of the blastholes can be done on a stag¬ 
gered square pattern which allows better distribution of 
the explosive. 


31.3.2 Walls 

The following types of walls are seen: 

- Brick walls that are part of the reinforcing elements 
of the structure. 

- Concrete walls that pertain to the sustaining struc¬ 
ture. 

- Concrete walls, cast into the ground but not subject 
to stress. 

Brick walls 

In order to save drilling time, this should be carried out at 


Concrete walls 

In the case of reinforced concrete walls that form part of 
the retaining structure, the patterns used are detailed in 
Table 31.3. 

As in the previous case, the hole lengths will be 2 A the 
thickness of the wall, but the powder factors will increase 
up to 0.9-1.5 kg/m 3 , Fig. 31.2. 

Concrete walls cast into the ground 
In these instances, where the walls are usually high, 
narrow and cast into the ground, the blastholes are drilled 
vertically to achieve fragmentation of the concrete and 
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facilitate its digging and haulage, Fig. 31.3. It is not 
recommended that the holes be longer than 1.5 m, to 
avoid deviations which could cause flyrock problems due 
to the existance of high charge concentrations. 

In Table 31.4, the design parameters of the blastings in 
function with the sizes and construction materials of the 
walls are indicated. 

The initiation should be carried out with millisecond 
delay detonators and the surfaces that are to be blasted 
should be carefully covered. 

In this type of blastings, small experimental tests 
should be made on part of the wall to determine the ideal 
patterns and charges. 


Fig. 31.1. Transversal section of a wall and the geometry of the 
charges. 



Fig. 31.2. Placing of the blastholes in a concrete wall. 



Fig. 31.3. Volume of a high and narrow wall. 


Table 31.4. 


Type of wall 

Thickness 

H ra (cm) 

Spacing S 
(cm) 

Rows 

Powder factor 
CE (kg/m 3 ) 

Non-reinforced 

20 

30 

1 

0.2-0.3 

concrete walls 

30 

30 

1 

0.2-0.3 


40 

30 

1 

0.2-0.3 


50 

40 

1 

0.2-0.3 

Reinforced con- 

20 

30 

1 

0.3-0.5 

crete walls 

30 

30 

1 

0.3-0.5 


40 

30 

1 

0.3-0.5 


50 

40 

1 

0.3-0.5 


60 

40 

2 

0.3-0.5 


70 

40 

2 

0.3-0.5 



Photo 31.2. Partial demolition of a breakwater wall. 
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AP<40 cm AP> 40cm 

(S =A) (S = 35cm ) 

Fig. 31.4. Concrete pillar blasting. 


Table 31.5. Table 31.6. 


Material 

Thickness Drilling 
(cm) length (cm) 

Pattern 

B x S (cm) 

Powder factor 

CE (kg/m 3 ) 

Thickness 

Drilling length 
(cm) 

Pattern B x S 
(cm) 

Powder factor 
CE (kg/cm 3 ) 

Non-rein- 

30 

20 

30 x 30 

0.3-0.5 

20 

15 

30x30 

0.5-0.7 

forced con- 

40 

25 

40 x 40 

0.3-0.5 

30 

20 

30x30 

0.5-0.7 

Crete 

50 

35 

50x50 

0.3-0.5 

40 

30 

30x30 

0.5-0.7 

Reinforced 

30 

20 

20 x 20 

0.5-0.7 

50 

2 / 3 x H 

50x50 

0.5-0.7 

concrete 

40 

30 

30 x 30 

0.5-0.7 






50 

40 

35 x 35 

0.5-0.7 






31.3.3 Pillars 

Pillars are usually of reinforced concrete with square, 
rectangular or circular sections. 

The blasthole drilling should be directed parallel to 

largest face of the pillar. _ 

In pillars with a width under 40 cm, the holes are 
drilled in a single row with spacing equal to the pillar 
width, Fig. 31.4. In larger pillars, two rows of staggered 
blastholes are drilled as in the pattern of Fig. 31.4. 

The drilling length should be % of the largest face size 
LP, and the stemming and charge should occupy lengths 
of 'ALP. 

The height of the cut of the pillars will vary between 

l. 5 m for those with reduced sections (< 40 cm), to 2.5 m 
for larger pillars (> 40 cm). Above these zones of prin¬ 
cipal breakage, other auxiliary ones can be placed every 2 

m, with a couple of blastholes each. 

The specific charge varies in function with the material 
and surrounding conditions between 0.7 and 1.5 kg/m 3 . 

31.3.4 Slabs 

There are two procedures to blast slabs: 

- Charging for total fracturation 

- Charging to open clefts. 

The first case applies to non-reinforced as well as 
reinforced concrete slabs, while the second method is 
more frequently used for reinforced concrete where, once 


the cleft is opened, the steel bands can be cut with a 
blowpipe, Fig. 31.5. 

In Table 31.5, the patterns, drilling lengths and blast- 
hole charges recommended are indicated. 

When cleft blastings are to be carried out, at least two 
r ows - of - b l astho le s - are - used, and - the - powder - factor is 
increased up to 0.7 and 0.8 kg/m 3 . As for walls, a small 
test blast should be carried out to adjust charges and 
patterns. 

31.3.5 Roofs 

Roofs mean reinforced concrete ceilings and the domes. 

In Table 31.6, the design criteria are shown for these 
blasts. 


31.3.6 Beams 

With the blasting of these structural elements, two object¬ 
ives are persued: 

- Transform the cut point into a hinge joint. 

- The fragmentation or plaster shooting of the ma¬ 
terial for its posterior manipulation. 

The drilling is done vertically, with two blastholes per 
cut point and spaced by 30 cm. The drilling length should 
be 0.7 times the thickness of the beam and the specific 
charge between 0.6 and 0.8 kg/m 3 . 
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Fig. 31.5. Drilling patterns for slabs. 



Fig. 31.6. Breakage of a beam. 



-Gr-.-CENTER OF GRAVITY 
OF UNCUT SECTION 


G: - CENTER OF GRAVITY 
OF CUT SECTION 



d - Gt G2 - LEVEL ARM OF 
THE BENDING MOMENT 
TENDING TO MAKE THE 
CHMNEY TURN 


O UNE OF 
FALL 


Fig. 31.7. Method of demolishing a chimney stack (Berta, 1985). 


31.4 DEMOLITION OF STRUCTURES 

The demolition of structures with explosives is one of the 
most rapid, safe and efficient systems that can be applied 
at present, but it needs a complete project of the blastings 
where the design of the same is planned in function with 
the geometric and tensile strengths of the parts that con¬ 
stitute the operation, the breakage sequence of the retain- 
ing e l e ments, th e fors e en lin e of - fall - and dir c ction - o f 
collapse, etc. 

However, it is not always possible to obtain all the 
necessary information, because if the constructions are 
old there are usually no building plans and, of course, the 
quality of the materials used and their characteristics in 
points of difficult access are unknown. 

Because of all this, a previous examination, analysis 
and study of the structures to be demolished, based on 
samples, drilling, partial demolition of the partitions, etc., 
followed by complementary studies: supports, undermin- 
ing, unions with cables or bolts, etc., which all contribute 
in a decisive manner to the success of the demolition. 

Briefly, a few typical cases of structures that are demol¬ 
ished with explosives will be studied. 

- Chimneys and towers. 

- Bridges. 

- Buildings of cement and reinforced concrete. 

31.4.1 Chimneys 

The industrial chimneys, or stacks, usually are annexed to 
other installations, and have circular, square or polygonal 
sections, constructed of brick or reinforced concrete. 



Photo 31.3. Fall of a brick chimney. 
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concrete chimney of reduced thickness. (Courtesy of CAVOSA) 


Owing to their slenderness, they are the ideal structures 
to be demolished by explosives. The fall of the chimney is 
eliminated by blasting part of the sustaining base in such 
a way that the vertical of the center of gravity moves out 
of the remaining base, producing a lack of balance of the 
construction and a turning of the same in a determined 
direction, as happens during the felling of a tree, Fig. 
31.7. 

The techniques of chimney demolition can be classi¬ 
fied as: 

- Directional blasting with complete fall. 

- Directional blasting with reduced fall. 

- Collapse blasting. 

Directional Blasting with complete fall 
This is the safest method and the study of its application 
should be done with priority over the other two methods. 
Besides, it has the advantage of using less quantity of 
explosive andTewer blastholes. 

To obtain optimum results, the chimney stacks should 
be in good condition. If they ate made of brick, the zone 
to be undermined should occupy half of the horizontal 
base on the side of the direction of the fall, which will 
coincide with the radius that is perpendicular to the 
diameter and acts as a hinge. The number of blasthole 
rows necessary is usually three, along the length of !4 of 
the perimeter, and two in the rest of the semi-perimeter, 
Fig. 31.8. 

In the chimneys made of reinforced concrete, the zone 
to be blasted will occupy 2 / 3 of the base, coinciding the 
direction of the fall with the bisector of the central angle 
of the remaining base, which is 120°. The number of rows 
in the high part of the wedge cut is limited by a height 
equivalent to l A of the chimney diameter, ending in the 
lateral parts of the blasted area which occupies 2 / 3 of the 
perimeter, in a height equivalent to 3 rows. To achieve 
better breakage of the material, it is convenient to open 
some spaces similar to windows with a width that is 
double the thickness of the chimney and a height slightly 
above the third row of blastholes. 


Directional blasting with reduced fall 
In this type of demolition, once the chimney has become 
slightly inclined, the remaining base is blasted to provoke 
collapse. This is achieved by firing a row of blastholes on 
the side opposite the fall, with a delay timing of 0.25 s, 
with respect to the primary blast, Fig. 31.10. 

This method is only applicable in chimneys made of 
brick. 

Collapse blasting 

As in the case before, the collapse blastings can only be 
done in brick chimneys. The rounds consist in the instan¬ 
taneous firing of a group of charges located in the whole 
base in an homogeneous manner. _ 

Generally, the number of blasthole rows is two or three, 
as shown in Fig. 31.11. 

T his procedure is the most risky and should only be 
used as an alternative to the aforementioned in an ex¬ 
treme case. The study of the blasting should include 
meticulous inspection of the condition of the structure to 
avoid falls in any other radial direction than planned. 

31.4.2 Towers 

Towers are those constructions that have a height of more • 
than 10 m and a base of less than ‘/ 3 of H t , Figs 31.12 and 
31.13. 

For the demolition of these structures, the same criteria 
as for chimneys is followed. In directional blastings with 
complete fall, the height of the wedge cut will depend 
upon the thickness of the construction and the width of 
the base, oscillating between 3 and 20 times the wall 
thickness. 

In towers built upon concrete pillars, the pillars will be 
blasted following the same procedure and using an initia¬ 
tion sequence with milisecond delay detonators. 


31.4.3 Bridges 

The types of bridges that are apt to be demolished with 
explosives are: 

- Brick or masonry bridges. 

- Steel bridges upon masonry supports. 

- Concrete bridges. 

In general, these labors are characterized by the fact 
that the debris must be removed very quickly, as there are 
usually roads or rivers underneath, and because there are 
usually other nearby structures such as buildings, new 
bridges, etc. 

Below, for each of the types of bridges, general out¬ 
lines for blasting are given. 

Masonry bridges 

This is the oldest type of construction and it usually has' 
pillars, abutments and arches of masonry of quite large 
size, along with materials like mass concrete injected 
with gravel. Fig. 34.14. 

Owing to the robust nature of the sustaining elements, 
the number of necessary blastholes is elevated. 
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Fig. 31.11. Collapse demolition of a chimney. 
































Fig. 31.12. Types of towers. 


<1/3 H 



Fig. 31.13. Demolition of square or cirtular section towers. 



Fig. 31.14. Blasting zones in a bridge of masonry. 


Whenever the surrounding conditions allow, the dril¬ 
ling should be done with rigs instead of by hand, opening 
holes of 50 mm in diameter. 

The critical zones of the demolition are the abutments 
and the arches. The first, as far as drilling patterns and 


TTh^x 
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Fig. 31.16. Blasting zones for the demolition of a arch beam bridge 
(Berta, 1985). 




Fig. 31.17. Demolition of a bridge built with prefabricated beams or 
spans. 


charging goes, as brick walls, while in the arches, accord¬ 
ing to their width, the blasting can be global or in sections 
as indicated in Fig. 31.15. 

The minimum width of the zone to be fragmented 
should be of three rows of blastholes, and if the bridge is 
built with several arches it is recommended that the 
demolition be carried out simultaneously because wha¬ 
tever is left after each blast might be damaged or cracked 
by the same and constitute a high collapse risk. 

Steel bridges on abutments and pillars of masonry 
This type of bridge is very common in railways and 
implies dismantling the whole metal structure by conven¬ 
tional methods or by blasting with plaster charges as long 
as the throw does not constitute a risk; and blasting the 
pillars and abutments afterwards. 

The latter structural elements can be drilled with ver¬ 
tical blastholes, if there is a usable access, or with hori¬ 
zontal holes as explained before. 


Concrete bridges 

Within this group, which is the most recently constructed. 
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31.5 DEMOLITION OF BUILDINGS 


two types are seen: the arch beam and of prefabricated 
beams, or spans. 

For the first, the demolition will be carried out by 
making cuts with confined explosive charges at strategic 
points of the structure, as indicated in Fig. 31.16. 

As for span bridges, constructed with pretensed con¬ 
crete beams, demolition is carried out in two different 
phases: first by blasting the beams, according to indica¬ 
tions, in three zones of the span, Fig. 31.17, and followed 
by the pillars using steel cables, if necessary, to achieve 
their collapse. The blast should have at least two rows of 
holes and a powder factor of around 1.5 kg/m 3 . 


Photo 31.5. Demolition of a two-storey building of masonry. 


In the demolition of buildings with explosives, only basic 
principles can be given, as each case requires a complete 
project for the blast using general criteria and the applica¬ 
tion of specific criteria. 

The types of structures that are usually demolished 
with explosives are basically constructed of brick, con¬ 
crete or a mixture of both. 

The work should commence with a detailed study of 
the building plans, if available, in order to determine: 

- The existance of expansion joints. 

- Areas that could affect the results of the demolition 
such as stairways, elevators, pipelines, basements, etc. 

This phase should be complemented by a study of the 

their identification, especially in the critical and doubtful 
areas. This work is equally or more important than the 
actual designing of the blasts, because there have been 
many cases in which, after only contemplating the build¬ 
ing plans, the results have not been satisfactory because 
the real structures were not exactly the same. After the 
studies, the preparatory work must be carried out by: 

- Separating the structural elements by mechanical 
means. 

- Cutting the re-bars inside the reinforced concrete. 

- Constraint of the elements with cables, bolts, etc. 

- Elimination of the interior pannels, walls, door and 
window frames, etc. 

- Elimination of metal beams and their substitution by 
props or supports, etc. 
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Fig. 31.19. Initiation sequence in a building 
of masonry. 
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The following gives an idea of the most frequent types 
of demolition. 

31.5.1 Buildings of masonry 

In these buildings, the first work is to eliminate the door 
and window frames and any other element which could 
interfere with demolition. Also, some of the interior 
pannels should be destroyed. 

The blastholes are drilled in the sustaining walls fol¬ 
lowing the patterns and recommendations of the preced¬ 
ing paragraphs. 

The area to be blasted will be at the height of the 
windows, as mentioned before, so as to facilitate hand 
drilling ot the holes, lower their number by using the 
spaeesand improvetheexit ofihefragmentedmateriair 
Fig. 31.18. 

Although the objective of these blastings, owing to the 
characteristics of the construction materials, is the com¬ 
plete collapse of the building, the initiation sequences 
should be designed to achieve piling up of the debris at 
the same time so as not to affect the surroundings, streets, 
buildings, etc. and the maximum breakage of the struc¬ 
ture during the fall. 

In Fig. 31.19, a typical example of firing sequence is 
shown. 

31.5.2 Buildings of reinforced concrete 

As in the former case, the demolition should be preceded 
by preparatory work which consists in partially removing 
the interior partitions and the uncovering of the pillars 
that are to be blasted, opening grooves in the adjacent 
brick partitions, Fig. 31.20. 

If the structure is complex and is next to other buildings 
that have to be respected, a careful study must be carried 
xmLof-thestatic of theconstruction and the-blastdesign._ 

The two most common types of demolitions are: 

- One direction blasting. ^ 

- Demolition with collapse. 

In the first instance, the elements to be blasted form a 
wedge, Fig. 31.21, with a face open towards the direction 
of the fall, and a sequence similar to that indicated. 


PILLAR WALL OF MASONRY 


Fig. 31.20. Grooves opened in partitions that are joined to a pillar. 



Fig. 31.21. Demolition of a building with one direction fall. 



Photo 31.6. Demolition of a silo made of cement with fall in one 
direction. 


initiation sequence is of vital importance, and for this 
reason the choice and use of the delay and milisecond 
delay detonators available should bebasedon an exhaust- 
ive analysis. The high-speed filming of the work is an 
important tool for the study and comprehension of the 
phenomena that developed and its results. 

31.5.3 Mixed buildings 

These buildings are made of pillars and beams of rein¬ 
forced concrete and sustaining walls of masonry, both of 
which should be drilled according to the preceding para¬ 
graphs. Normally, this type of blast is with fall in one 
direction. 
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Fig. 31.22. Collapse demolition of a building. 



If the demolition is carried out with collapse upon the 
same occupied area, the initiation sequence and the blast 
pattern will be as indicated in Fig. 31.22. 

If isolated structural elements exist which should exert 
some sort of force or pull during the blast, they should be 
held or anchored by different mechanical means, cables, 
bolts, etc. 

On the other hand, when it is necessary to isolate some 
parts of the buildings, the uniting elements should be cut 
and, above all, the re-bars of the reinforced concrete. 

It is easy to understand that in this type of blastings the 


31.6 DEMOLITION OF STEEL STRUCTURES 

The demolition of steel structures with explosives is not 
as easy as those of concrete or masonry because the 
charges are not usually confined, and there is not such an 



Photo 31.7. Demolition of the structure of a concrete building. (Cour- 
tesy ot CSVOSAT 


intense phenomenon of self destruction during the fall of 
the buildings. Special precaution should be taken with the 
alterations produced by throw and airblast. 

The equations that follow refer to a gelatin explosive in 
plaster charges, but without any special geometry. 

a) Sections of steel construction. Double T beams, H 
beams, channels, compound steel spars, columns, plates: 

Q = 34xA vg 

where: Q = Explosive charge (g), A vg = Area of the 
transversal section (cm 2 ). 

b) Other steel sections. Steels rich in carbon, chains, 
cables, reinforcing bars, high resistance elements, etc. 

Q = 88 x 

where: Q = Explosive charge (g), A = Area of trans¬ 
versal section (cm 2 ). 


Example: 

A double T steel beam with the dimensions that are 
indicated in Fig. 31.23, is to be cut. 

Wing area = 2 x 1.2 x 12.5 = 30.0 cm 2 
Area of the web = (30 - 2.4) x 1 = 27.6 cm 2 
Total area A v = 30.0 x 27.6 = 57.6 cm 2 
Explosive charge Q = 34 x 57.6 = 1858.4 g - 2kg. 
The plaster charges will be placed along the web of the 
beam and in contact with the wings. On occasions, ply¬ 
wood is placed on both sides to exert a shearin^effeefc 
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CHAPTER 32 


Optimizing costs of fragmentation with drilling and blasting 


32.1 INTRODUCTION 


The main objective of fragmentation with explosives is 
tocarryouttheoperationatthe 1 
at the same time comply with the technical specifications 
and safety conditions required. 

In any mining project, drilling and blasting are the first 
basic operations that form part of an integrated system, 
Fig. 32.1, and can influence the results of the subsequent 
operations, in productivity as well as in costs. 

Therefore, fragmentation and swell of rock should be 
studied with a global vision, relating it to the different 
parameters that correspond to the rest of the operations. 
In this chapter, the economical aspects of drilling and 
blasting in open pit production operations as well as the 
methods of predicting fragmentation and the basis of 
calculation for the construction of an economical model 
for optimization of the total costs of the operation will be 
analyzed. 

32.2 ECONOMICAL ASPECTS OF DRILLING 
AND BLASTING 

If the costs of drilling are analyzed and calculated by the 
method explained in the first chapt ers of this handbook, 


- Primers. 

- Detonating cord. 


- Electric detonators. 

- Other accessuiies: 1 
lead wire and blasting ohmmeters, etc. 

- Labor. 

Apart from this, an additional cost must be taken into 
consideration due to secondary fragmentation of 
boulders or blocks of rock that cannot be handled by the 
loading, haulage and crashing equipment. An operation 
is considered acceptable when the volume of plaster 
shooting is below 5 % of the total volume broken in the 
primary blast. 

The variation in blasting costs with increase in blast- 
hole diameter differs from those of drilling, because part 
of the advantages are balanced out by some problems 
cited below: 

The main advantages are: 

- Increase in detonation velocity of the explosives 
which also increases Strain Wave Energy. 

- Facility of using bulk explosives and mechanized 
charging, reducing costs in the price of explosives and in 
labor. This is the most important advantage. 

- The planning and control of large blasts is easier and 
_mnre-cnmplete than in smalle r blast s , p rimarily due to the 


and they refer to the lineal meter of blasthole, it has been 
observed that for rotary percussive and rotary rigs the 
cost is proportional to the diameter of the drills. Fig. 32.2, 
although for the second system the gradient of increase is 
not as noticeable. 

By taking into account the yield of breakage from the 
blast, also known as specific drilling, the drilling costs per 
cubic meter of rock vary according to the curves of Fig. 
32.3. Four curves are given, which correspond to the 
respective combinations of rock drillabil ity and bla stabil- 
ity. 

The interruption of the curves is due to the change from 
down the hole to rotary drilling. 

As can be observed, the costs are reduced considerably 
as the diameter of the blastholes increases with the afore¬ 
mentioned change. It must not be forgotten that when 
drilling with tricone bits, the life of the bearings depends 
upon their size and so when the diameter is increased 
more thrust can be transmitted without affecting bit life, 
therefore increasing productivity and yield. 

As to blasting costs, the following concepts are in¬ 
cluded: 

- Explosives, for the bottom and column charges. 


number of these required. 

On the other hand, the problems are: 

- The necessary powder factors are larger for the same 
size distribution because the charges are not as well 
distributed spacially inside the rock mass, and structural 
control of the rocks is increasingly important. 

- The initiation and priming systems must be more 
trustworthy and efficient. 

- Limitations because of loading and haulage capac¬ 
ity— 

- Higher levels of vibrations and airblast. 

- Higher risk of flyrock caused by the size of the 
fragments and the distance they cover. 

- More intense fracturation of the remaining rock. 

- Increase in ore dilution in mining operations. 

Combining all these factors, the approximate costs of 

the blasting follow the tendencies reflected in Fig. 32.4. 

From this it can be seen that the drilling diameter that 
gives minimum costs of fragmentation with explosives is 
not always the same, Fig. 32.5. The effect of scaled 
economy depends upon several parameters: rock proper¬ 
ties, rate of production, organization of the work, envi¬ 
ronmental limitations, etc. 
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-Pho to 32.1.1 


Summing up, one can say that the large drilling diame¬ 
ters are interesting when the following conditions exist: 

- High production rate. 

- No limitations in capacity of loading, hauling and 
crushing equipment. 

- No later comminution of the material is required, 
such as for wastes in mining. 

- The rock mass is homogenous or intensely fissured, 
and there is no problem of toe or overbreak. 

- No environmental problems, such as vibrations and 
airblast, etc. 


32.3 MODEL FOR DETERMINING COST 
OPTIMIZATION 


the productivity of the loading equipment is, according to 
Nielsen, the following: 

K g0 (Standard) Rend. K g0 (Actual) N 
K g0 (Actual) Rend. K g0 (Standard) 

If N is given a high value, the productivity of the loading 
equipment will not vary much with fragmentation. A 
high value of N can also be used to reflect an operation 
with a low coefficient of loading machine use due to a 
reduced number of dump trucks. 

The loading costs are calculated with a rate equation: 

Fixed Costs Yield 

C c = -+-x 

-Yield-Variable costs- 

-"SlandafTrieldf*- 

Yield 


According to Zeggeren and Chung, the loading costs 
respond to a function of the rate. 


C c = a i 


K m (Actual) 
K m (Standard) 


In practice, it has been demonstrated that fragmentation 
tends to be optimum when the relationship between the 
shovel capacity and the size of the block is between 6 and 
7. 

Another procedure used to estimate loading costs con¬ 
sists in calculating the productivity of the equipment 
from shovel size and the time invested in each loading 
and unloading cycle. The shovel fill factor is determined 
from the relative size RS defined by Adler (1986): 


The optimization of fragmentation can be carried out by 
applying engineering systems to the creation of a global 
model of optimization. Roughly, the blocks of informa- 
tion given to the model are: 

a) Characteristics of the roc^s and rock mass 

b) Properties of the explosives 

c) Technical and economical information on drilling, 
loading, hauling and crushing equipment. 

After calculating the drilling and charging patterns of 
the blastholes, a prediction of fragmentation and a simu¬ 
lation of the loading, hauling and crushing operations 
should be carried out, determining the productivity and 
unitary costs of ea ch on e. 

Afterwards, a sensitivity analysis is carried out in order 
to calculate theoretically the optimum fragmentation, 
evaluating the system in practice by contrasting the actual 
size distribution and yields with those predicted in the 
calculations, Fig. 32.6. 

Afterwards, the criteria for calculating cost extrapola¬ 
tion for the loading, hauling and crushing operations is 
given. For this, K %0 is used, which corresponds with the 
grid opening through which 80% of the material passes. 

32.3.1 Loading costs 

The correlation between the degree of fragmentation and 


RS = ASIC 

where: AS = Absolute block size, very small > 5 cm, 
medium 5-30 cm, very - k t rg e- 9 6 -300 cm^ - C = - Gr it iea l- 
shovel size of the excavating equipment, in relation to 
any one of the sides of the ladle which is approximately in 
cubic form. 

The fill factors that correspond with each relative size 
are indicated in Table 32.1. 

32.3.2 Hauling costs 

As the size of the blocks increases, the loading of the 
dump trucks becomes more difficult, not only affecting 
the quantity loaded but also the waiting, maneuvering and 
dumping times. The variation of the hauling cost with the 
fragmentation can be expressed by: 


Table 32.1. Fragmented or fractured rock. 


Description 

Relative size 

Fill factor 

Very well blasted, floors 

< % 

0.8-1.0 

Well blasted 

l A-% 

0.7-0.9 

Heavy blocks of pre-blasted rock 

'A - '/ 2 

0.5-0.8 

Poorly blasted or fragmented rock 

> ‘/ 2 

0.4-0.6 
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ROCK AND ROCK 
MASS PROPERTIES 


EXPLOSIVE 

PROPERTIES 


►FORMATION ON 
DRILLING, LOADING 
AND HAULING 
EQUIPMENT 


ECONOMICAL DATA: 
PRICE OF EXPLOSIVES 
ACCESORIES, 

DRILLING, ETC. 


|C±> 



SIMULATION OF THE 
LOADING, HAULING AND 
CRUSHING OPERATIONS 



_ 

_ ; 

ADJUSTMENT 

OF PREDICTION 
MODEL AND 
5TARTNG 

DATA 

EVALUATION OF THE ACTUAL 
FRAGMENTATION OB TAWED 





K m (Actual) 
K so (Standard) 


Crushing costs 

As the cost of energy for this operation is very high, the 
variation of costs with fragmentation can be established 
from: 


C,r " fl 3 + °4 X 


K m (Actual) 
K %0 (Standard) 


This relationship is based upon the supposition that the 
product of the primary crusher does not depend upon 
distribution size on entry. 


32.4 PREDICTING THE FRAGMENTATION 


The degree of fragmentation is a generic term used to 
describe the size distribution of the blasted material. 

According to the type of project that is to be developed, 
the required size distribution of the rock can be very 
different. For example in open pit mining, although it is 
not desirable to break up the waste too much, the mineral 
should be quite fragmented if it is to be crushed and 
ground afterwards; in rip-rap quarries, the greatest per¬ 
centage of the rock volume should correspond to large 
sizes, etc. 

A number of controlable parameters influence frag¬ 
mentation, as well as the rock properties themselves. The 
optimization of any operation of breakage by explosives 
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Fig. 32.10. Prediction of size distribution and calculation of the K g0 of 
the blasted rock with the KUZ-RAM program. 


The development of the model is as follows: 
a) Kuznetsov equation 

- 10.8 


T b = F r x 


VR 


[Q J 


x Q 


Vo 


where: T b = Average fragment size (cm), F r = Rock 
factor (Very soft rocks F r = 3 (f = 3 to 5); Soft rocks 
F r = 5 (/■= 5 to 8); Medium rocks F r = 1 (f = 8 to 10); 
Hard fissured rocks F r = 10 (10 to 14); Hard homoge¬ 
neous rocks F r = 13 (12 to 16); (f = Protodyakonov 
Factor)), VR 0 = Rock volume broken per blasthole, taken 
as burden x spacing x height (m 3 ), Q = Mass of TNT 
which is equivalent in energy to that of the explosive 

- - - r-in- 


this explosive, (ANFO = 100, TNT = 115). 
Q b x PRP = Qx 115 

2*xprp 


Q = 


115 


The equation of Kuznetsov is converted into: 


T b = F r x 


\VR„] 

0.8 

PRP' 

o 

iej 

x Q b y 6 X 

115. 
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T h = F r x CE~ 0 8 x Q$x 
where: CE = Powder factor (kg/m 3 ). 


115 


PRP 


l9 /3 


30 



Photo 32.2. General aspect of a large size bench blast. 


Table 32.2. 


Parameter 

u increases as parameter 

B/D 

Decreases 

UH 

Increases 

S/B 

Increases 

Staggered pattern 

Increases 

Drilling precision 

Increases 


-BURBER 



Fig. 32.11. Average fragment size in function with burden and powder 
factor. 
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Fig. 32.12. Grdukrpattemproducedbyan explosivecharge in a homo 
geneous rock with a square pattern B = S. _ 


b) Equation of Rosin-Rammler 
PC = e~( W 

where: PC = Proportion of the material retained on 
screen T b , T b = Screen size, T bc = Characteristic size, 
u = Index of uniformity. 

As the equation of Kuznetsov gives the mean value of 
T b , then PC = 0.5, so that: 

from which: 


(0.693) l/ “ 

c) Influence of the blast design upon u 
The value of u determines the size distribution curve and 
usually varies between 0.8 and 2.2. A high value indi¬ 
cates a uniform fragmentation while the smaller values 
reflect a large quantity of fines as well as oversize. 

The influence of the different design parameters upon 
u is shown in Table 32.2. 

The algorithm to calculate u, according to Cunnin¬ 
gham (1987) is as follows: 

u = [2.2 - 148/D] x [((1 + S/B)/2f 5 ] x 

[1-8/8] x [k-/ c | // + 0.1]° 1 X- 
p 1 H 


VY11W1W. IX - LMOJU1V1W uiuuivtui ^uuiiy, MJ — UU1UVU V, 111 /) 

S = Spacing (m), l = Total charge length (m), L = Length 
of bottom charge (m), l c = Length of column charge (m), 
H = Bench height, E p = Typical deviation due to drilling 
error. 

If the blasts are designed with a staggered pattern, the 
calculated value for u should be increased by 10%. 

d) Limitations of the Kuz-Ram Model 

Certain precautions should be taken with this model such 

as: 

- The S/B relationship applies to the drilling pattern 
and not to the initiation sequence. It should be no larger 
than 2. 


- The initiation sequence and the delay timings should 
be such as to give good fragmentation without producing 
misfires or cut-offs. 

- The explosive should yield energy close to its calcu¬ 
lated Relative Weight Strength. 

- The jointing and homogeneity of the mass requires 
careful study, especially when the spacing between joint¬ 
ing is smaller than the distance between holes. 


32.4.4 The Dinis da Gama formula (1970) 


This equation considers blasting as a comminution pro- 
cess in which the fragm ented material satisfies the fol¬ 
lowing size distribution law: 


PC = a x W 1 ’ x 



where: PC = Percentage of accumulated material that is 
smaller than the fraction of size T b , W = Necessary ener¬ 
gy for fragmentation (kWh/t), 

W ( . 

W= 10 X-^: 

^80 


W t = Bond’s rock index, K m = The size which 80% of 
the material passes, 8 = Size of the burden in the blasting 
pattern, a, b and c = Constants which depend upon the 
properties of the rocks and the explosive. 

The values of the constants are obtained by resolving a 
system of three equations with three unknown quantities 
established from die data of the size distribution curve of 
a representative sample of blasted material. 


32.4.5 Nomograph ofGustafsson 

In this subject, Gustafsson contributes a nomograph that 
is valid for small diameter drilling, with which the mean 
size of the fragments can be estimated from the specific 
charge and the size of the burden. 


32.4.6 Bi-dimensional computerized model 

For quite a few years, the ICI group has been using a 
computer program to predict fragmentation that is 
included within the SABREX system (Scientific Ap¬ 
proach to Breaking Rock with Explosives^ 

The method is based upon creating a model in which 
the geometry of the blastholes and the radial cracks 
formed around each one are represented upon a hori¬ 
zontal plane which perpendicularly intersects the explos¬ 
ive columns. 

The algorithm used to calculate the number of radial 
cracks around each charge and at a determined distance 
from these is that of Harries (1973): 



where: N 0 = Number of cracks around the charge, 
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a b = Strain in the blasthole wall, RT = Dynamic tensile 
strength of the rock. 

At a distance DS from the axis of the blasthole, the 
number of cracks will be N: 

N DS 

N = —— x e ~ a — 

DS/b b 

where: b = Radius of the blasthole, a = Coefficient of 
absorption which usually varies between 0.002 and 
0 . 008 . 



x 

Fig. 32.13. Determination of the block size between radial cracks. 


The geomechanic parameters of the rock which are 
used in the modelization are: 

- Density 

- Young’s Modulus 



Fig. 34.14. Modelization of the discontinuities in the rock mass. 



Fig. 32.15. Graphic representation of the cracks originated around each blasthole for a determined pattern and initiation sequence. 
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FUNCTIONS OF DISTRIBUTION OF SIGNIFICATIVE PARAMETERS 


1 /^ 

V<3) 


f_ 

a BURDEN VALUE (B) 


FRAGMENTATION PREDICTION 
_ K80* 





Fig. 32.16. Probabilistic fragmentation model for the selection of the 
primary crusher size (Borquez, 1981). 


- Poisson’s Ratio 

—-■ Compressive strength - 

- Tensile strength 

- Porosity. s 

The basic data of the explosive is the strain induced on 
the blasthole wall that is a function of the density of the 
explosive, the detonation velocity and the coupling of the 
charge 

The orientation of the cracks is carried out in a random 
manner from each hole and their propagation by the 
opening action of the gases is thought to stop when they 
reach a free face or a maximum length equal to the size of 
the burden. 

In multiple sequenced blastings, the propagation of 
cracks in adjacent holes is paralyzed at the moment the 
cracks intersect. This way, the effect that the same blast 
pattern has with different initiation sequences can be 
studied. 

After having generated the pattern of cracks from each 
blasthole, the evaluation of the fragmentation is carried 
out by the Monte Carlo method which consists in taking 
at random different points of the plane. From each one of 
these points the size of the block, shaped by radial cracks, 
included in that point is determined, as shown in Fig. 
32.13. 


By repeating this process a determined number of 
times, the size distribution curve can be determined. 

Some interesting applications of this fragmentation 
simulation model are based upon the following studies: 

- Effects of different explosives for the same drilling 
pattern. 

- Influence of the initiation sequence upon fragmenta¬ 
tion. 

- Incidence of collaring errors in blastholes. 

- Repercussion of misfires. 

- Influence of pattern variation with the same charge. 

- Effect of the rock mass structure upon the results of 
the blast. 

_In the.last ap plication, the process starts with a modeli- 

zation of the discontinuities of the rock mass, as shown in 
Fig. 32.14. 

If the drilling pattern is large with respect to the spac¬ 
ing of the natural joints, the size distribution of the muck 
will be affected by large blocks previously formed by 
said discontinuities. The influence of these fissured beds 
of the rock can be evaluated by considering the different 
types of fillings of the joints and consequently the differ¬ 
ent coefficients of absorption of the strain waves when 
they cross these planes. 

In Fig. 32.15, an example of modelization for a deter¬ 
mined pattern and initiation sequence can be seen. 


32.5 PROBABILISTIC ANALYSIS OPTIMIZATION 
MODEL 

The model mentioned before is based upon the supposi¬ 
tion that all parameters intervening in the calculation of 
the burden and prediction of the fragmentation are consi¬ 
dered known or with the most probable values. 

However, those parameters are usually subject to some 
tl oub t and i t is nece ssary-tcrbe- able - tc r evalua te-t h e ir -effc cF 
on the indicated calculations and estimations. This is by 
means of a probabilistic (risk) analysis method applied to 
test the fragmentation model. 

The risk analysis combines the variabilities of all 
significant parameters that enter into consideration in 
order to obtain the probability of the estimated values and 
the relative risk that the predicted value will not be 
reached. 

On the whole, these models begin with the iden¬ 
tification of the most significant parameters, the assigning 
of a distribution of probabilities to each one, and the 
simulation by computer of a large number of cases, 
selecting a value randomly from the probability distribu¬ 
tion in order to obtain the function of probabilities of 
fragmentation or any other design parameter. The most 
common procedure for simulation is the Monte Carlo 
technique, Fig. 32.16. 
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CHAPTER 33 


Land vibrations, air blast and their control 


33.1 INTRODUCTION 


The principal disturbances created by blasting are: vibra¬ 
tions, air blast and fly rock, Fig. 33.1. AH of them can, 
under some circumstances, cause damage to structures 
nearby and, apart from this, be the source of permanent 
conflict with the inhabitants who live close to the opera¬ 
tion. Dust formation is also quite frequent and difficult to 
control. 

In order to solve these problems, it is necessary to have 
more highly qualified blast superintendents so that they 
can reduce the level of disturbances at a reasonable cost. 
Another issue to take into account is the job of informa¬ 
tion and public relations, which is becomming a necess¬ 
ity, undertaken by the directors of the operation. This can 
be even more effective than an exhaustive study by 
specialists in the matter. 

This chapter analyzes the theory of vibration and air 
blast produced by blasting, the methodology of study, the 
applicable damage criteria and the design parameters 
which must be taken into consideration by the technician 
to be able to control these environmental alterations. 


33.2 PARAMETERS WHICH AFFECT VIBRATION 
CHARACTERISTICS 

The parameters which affect the characteristics of vibra¬ 
tions are, practically, the same ones which influence the 
results of the blasts. They can be classified in two groups: 
controllable and uncontrollable by the users of explos¬ 
ives. 

The local surrounding geology and rock geomechanics 
have great influence on vibrations. 

In homogeneous and massive rock masses the vibra¬ 
tions are propagated in all directions; but in complex 
geological structures, the wave propagation can vary with 
the direction and, consequently, give different attenuation 
indexes or laws of propagation. 

When the rocky substratum is covered by soil overbur¬ 
den this usually affects the intensity and frequency of 
vibrations. Soil usually has less elasticity modulus than 
the rocks and, for this reason, the wave propogation 
velocity diminishes in this type of material. The vibration 
frequency / also dimishes, but displacement A increases 
significantly as the overburden thickens. 

The magnitude of the vibrations decreases rapidly with 
distance increase if soil overburden is present because a 


large part of the energy is used up in overcoming friction 
-between partic les and in displacing them. _ 

At points close to the blasts, the characteristics of the 
vibrations are affected by the factors ot blast design and 
their geometry. At large distances from the blast, the 
design factors are less critical and the transmitting me¬ 
dium of rock and soil overburden dominates the wave 
characteristics. 

The surface materials modify the wave trains making 
these last longer and have lower frequencies, therefore 
increasing the response and potential damage to nearby 
structures. 

From a study carried out by Stagg and Dowding 
(1980), it can be deduced that the vibration frequencies in 
coal mines are lower than those generated in quarries and 
construction jobs. Fig. 33.2, which is justified by the long 
length of the explosive columns, the complexity of the 
geological structures and by the presence of soil overbur¬ 
den. 

An appreciable amount of the energy transported by 
vibrations in coal mines has a frequency that is lower than 
10 Hz. This induces important ground displacement and 
high stress levels, which provoke damages in structures 
with resonance frequency between 4 and 12 Hz. 

In another statistical study-on-mere tIian 2-7QQregisters- 
carried out by Nobel’s Explosive Company Limited, it 
can also be observed that 90% of the blasts in coal mines 
produces vibration frequencies under 20 Hz. The number 
of blasts in quarries that give frequencies between 4 and 
21 Hz is approximately 80%, Fig. 33.3. 

The phenomenon of low frequencies is most clearly 
seen in underwater blasts or in rock masses that are 
saturated with water. 


33.2.2 Charge weight per delay 

The magnitude of ground and air vibrations at a deter¬ 
mined point varies with the explosive charge that is 
detonated and the distance of that point from the blast 
area. In blasts where more than one period number of 
detonator is used, the largest charge per delay has the 
most direct influence on vibration intensity and not the 
total charge used for the blast, as long as the delay interval 
is sufficient to avoid constructive interferences between 
the waves generated by the different groups of blast- 
holes. 

When there are various blastholes in a blast with 
detonators which have the same nominal delay time, the 
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Photo 33.1. Alterations produced by blasts: vibrations, air blast, fly 
ror.lc and dust. _ 




Fig. 33.1. Disturbances originated by rock blastings. 



Fig. 33.2. Predominating frequencies of vibrations from coal mine, 
quarry, and construction blasting (Dowding et al. 1980). 



AMPLFtCATKDN RANGE FOR 
RESDENTIAL STRUCTURES 

Fig. 33.3. Predominant vibration frequencies in surface coal mines and 
quarries. 


Table 33.1. Cooperation fractions for different types of detonators. 


Detonator Period 

number 

Period 

(ms) 

Scatter 

(ms) 

Cooperation within pe¬ 
riod (Reduction factor) 

VA-MS/Nonel 1-10 

25 

5-10 

'/2 

VA-MS/Nonel 11-20 



'/ 3 

VA-MS/Nonel 24-80 

100 

20- 50 

% 

VA/MS 1-12 

500 

100-200 

% 


Note: These values are only for frequencies over 20 Hz. 


maximum charge weight per delay is usually less than the 
total, owing to cap scatter in the break times of each 
detonator system. For this reason, in order to determine 
said charge weight per delay, a fraction of the total 
number of charges initiated by detonators of the same 
nominal delay is estimated. Thus, for example, for the 
detonators manufactured by Nitro Nobel AB the follow¬ 
ing cooperation fractions can be estimated (Persson, 
1980) Table 33.1. 

The charge weight per delay is the most important' 
individual factor that affects the generating of vibrations. 
The relationship that exists between vibration intensity 
and the charge is of potential type, therefore, for particle 
velocity the following exists: 

v~ Q° 

The investigations carried out by the US Bureau of Mines 
show that the value of a is around 0.8. 


33.2.3 Distance from point of blast 

The distance from the blasts has, as happens with the 
charge, great influence on the magnitude of vibrations. 
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As the distance increases, vibrations diminish according 
to a law of the following type: 


where the value of b, according to the US Bureau of 
Mines, is around 1.6. 

Another effect of distance is due to attenuation of the 
high frequency wave components, as the earth acts a filter 
through which the lower frequencies pass. Thus, at long 
distances the ground vibrations will have more energy in 
the low frequency range, Fig. 33.4. 



RISK OF 
FLY ROCK 


33.2.4 Powder 1 
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Another interesting and sometimes confusing aspect is 
the powder factor. 

When confronted with vibration problems, some en¬ 
gineers propose to reduce the powder factor of the blast, 
bu^nothing is farther from the minimum level situation. 
Blasts have been recorded in which the powder factor 
was reduced 20% from the optimum and the vibration 
levels measured were two or three times higher as a 
consequence of the confinement and poor spatial distri¬ 
bution of the explosive, causing lack of displacement and 
swelling energy. 

In Fig. 33.5, the powder factor influence can be ob¬ 
served in extreme situations and close to the optimum 
level in bench blasting. 


Fig. 33.5. Powder factor influence on vibration intensity. 


Inst, position 90° 

I Inst, position 60° 



Fig. 33.6. Typical recording instrument positions and firing angles for 
a 3 hole blast, with a firing sequence of 1-2-3 from left to right (Wiss 
and Linehan). 


33.2.5 Types of explosives 


a. EFFECT OF DISTANCE 



b. EFFECT OF GEOLOGY 


There is a correspondence between the particle velocities 
and the strains induced in the rocks, and this constant of 
proportionality is the impedance of the rock medium. 

Therefore, the first practical consequence is that those 
explosives which generate lower blasthole pressures will 
also produce lower vibration levels. These explosives are 
those of low density and detonation velocity such as 
ANFO. If the same amount of ANFO is compared with a 
common slurry, or with an aluminized watergel, the in¬ 
tensity of vibrations generated by the first is 2 and 2.4 
times lower respectively. This finding has been supported 
by v ariou s engineers such as Hagan and Kennedy (1981), 
Matheu (1984),etc._ 

In vibrographic studies, if explosives of very different 
strengths are used, the charges should be normalized to a 
standard explosive of known strength. Usually ANFO is 
chosen as the reference explosive, as it is the most widely 
used. 



c. EFFECT OF RECEIVING STRUCTURES 
Fig. 33.4. Effects of site conditions on blast vibrations. 


33.2.6 Delay Period 

The delay intervals between blasthole detonations can be 
referred to as the nominal delay or effective delay time. 

The first is the difference between the nominal initia¬ 
tion times, while the effective delay time is the difference 
of the arrival times of the pulses generated by blasthole 
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Fig. 33.7. Preferred wave collaboration directions in a multiple blast 
(Wiss and Linehan). 


detonation fired with consecutive periods. In the simple 
case of a single row of holes, these parameters are interre¬ 
lated by the following equation: 

S x cos <j> 


where: t e - Effective delay time, t n = Nominal delay 
time, S = Spacing between holes, VC = Propagation 
velocity of the seismic waves, <|) = Angle between 
successively detonated~holes anc f the position of the -sem 
sor or recording instrument. 

In Fig. 33.6, the case of a single row of blastholes with 
different relative positions of the recording instruments. 

The critical angle of the relative position where the 
seismic waves arrive at the same time and, therefore, a 
collaboration can occur between them, will be that where 
t e = 0, and can be determined from: 

VCxt n 
<j> = arc cos- 

S -- 

In Fig. 33.7, a multiple blast is represented and the 
directions where there is a more probable interaction of 
the waves according to the theoretical break direction of 
the holes. 

When referring to the minimum delay time that eli¬ 
minates constructive interferences or has summing or 
interacting effects, in the first studies carried out by 
Duvall et al. (1963), intervals of 8 and 9 ms were sug¬ 
gested, calculated from the testing done in limestone 
quarries. Langefors (1963) points out that with intervals 
of more than 3 times the vibration period it can be 
assumed that there is no interaction between adjacent 


blastholes that are detonated in sequence, as the signals 
are absorbed. Wiss and Linehan (1978) suggest a nominal 
delay time between successive delay intervals of 17 ms, 
to eliminate the summing effect of the vibrations. In 
another study done by Nobel’s Explosives Co. of Great 
Britain, on secuenced blasts with delay times between 
charge weights per hole of under 25 ms, the existance of 
constructive interferences in the maximum vibration 
level is confirmed, Fig. 33.8. 

33.2.7 Geometric parameters of the blasts 

The majority of the geometric design parameters have a 
considerable influence on vibrations generated by blast¬ 
ing. Some comments on the subject are: 

- Drilling diameter. The increase in drilling diameter 
is negative as the amount of explosive per hole is propor¬ 
tional to the square of the diameter, which would give 
very high charge weights per hole on occasions. 

- Bench height. The relationship H/B > 2 should be 
maintained, whenever possible, in order to obtain good 
fragmentation and eliminate toe problems, as well as 
reducing vibration levels because the charges are less 
confined. 

- Burden and spacing. If the burden is excessive, the 
explosion gases find resistance to fragmentation and rock 
displacement, and part of the explosive energy is trans¬ 
formed into seismic energy which increases vibration 
intensity, Fig. 33.9. This phenomenon is most noticeable 
in presplitting blasts, where total confinement exists and 
vibrations of around five times those of a conventional 
bench blast can be registered. 

If burden size is small, the gases escape and expand 
towards the free face at a very high speed, giving impulse 
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ment at the base, which means that a higher percentage of 
the explosive energy is converted into ground vibrations. 
This also makes for superfluous expense in drilling and 
explosives, and the floor is left irregular. 

- Stemming. If stemming is too high, apart from frag¬ 
mentation problems, confinement is increased and vibra¬ 
tion levels are possibly higher. 

- Blasthole inclination. Inclined blastholes allow 
better use of energy at floor level, and even reduce 
vibrations. 

- Decked charges (decoupling). Tests carried out by 

Melnikov, using decked charges of 65 to 75%, show that 
fragmentation is improved and the size distribution is 
more uniform. _ 

The percentage of secondary blasting is reduced from 


Fig. 33.8. Influence of the delay period upon the maximum vibration 
level. 


IV - VIBRATION 
INTENSITY 



of ground vibrations. Fig. 33.10. 

- Size of the blasts. The dimensions of the blasts are 
limited, on one hand, by the maximum charge weights 
per hole that have been determined in the vibrographic 
studies based on the laws of propagation, types of struc¬ 
tures to be protected and characteristic parameters of the 
disturbance phenomena. 


33.3 CHARACTERISTICS OF GROUND 
VIBRATIONS 



-H b- 


H h 


In the following paragraphs some theoretical aspects of 
the generation and propagation of vibrations produced in 
rock blasting are analyzed; although it must be indicated 
that this is just a mere approximation to the problem, as 
the actual phenomena are much more complex owing to 
the interaction of different types of waves and their 
modifying mechanisms. 

33.3.1 Types of generated seismic waves 

The vibrations generated in blasting are transmitted 
through the ground as seismic waves. The wave front is 
displaced radially from the point of detonation. The dif¬ 
ferent seismic waves are classified in two groups: body 
waves and surface waves. 


LOW IV BUT WITH GREAT ; 
AIR BLAST EFFECT s 


° LtTHOMA GRANITE 


Fig. 33.9. Effects of the explosion according to the distance of the 
charged shothole from the free face (Berta, 1985). 


to the rock fragments and projecting them uncontrollably, 
apart from provoking an increase in air blast and noise. 

Spacing has a similar influence and its dimension 
actually depends on the burden value. 

- Subdrilling. When longer than necessary lengths are 
used, each additional section collaborates each time with 
a lesser amount of energy for shearing and rock move- 
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Fig. 33.10. Decked charge influence in vibration intensity. 
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The first type of body waves are called Primary or 
Compressional. These wave propagate through the 
ground materials altematingly producing compressions 
and dialations, with particle movement in the direction of 
wave propagation. These are the fastest waves and they 
change the volume but not the shape of the materials 
through which they propagate. 

The second type are made up of Transverse or Shear- 
S waves which move the particles in a direction that is 
perpendicular to that of wave propagation, Fig. 33.11. 

The velocity of the transverse waves is somewhere 
between that of the longitudinal waves and the surface 
waves. The materials through which they propagate 
change in shape but not in volume. _ 

The surface waves that are usually generated in rock 
blasts are: Rayleigh-R waves and Love-Q waves. Other 
types of surface waves are the Channel waves and the 
Stonelly waves which are not important as they supply 
very little information. 

The Rayleigh waves are characterized by eliptical par¬ 
ticle orbit, usually a motion that is contrary to the propa¬ 
gation direction of the wave. The Love waves are faster 
than the Rayleigh and give particle motion that is trans¬ 
verse to that of propagation. 

The propagation velocity of the P and S waves depends 
on the elastic constants of ground materials and can be 
estimated from the following equations: 


COMPRESSION (p) 


PARTICLE MOTION 


// /*/ / /#// // */£& 1 = 


PROPAGATION 

DIRECTION 


VC p = 


E x (1 - v) 


[p r x(l - 2v) x (1 +v) 


VC S = \ - 

)2 x p r x (1 + v) 

where: p r = Rock density, v = Poisson’s ratio, E = 
Young’s modulus, VC and VC S = Propagation velocities 
of the longitudinal ana transverse waves, respectively. 

For a material with a Poisson coefficient of 0.25, it can 
be stated that VC is 1.73 times VC. and that the velocity 
of the Rayleigh-waves is O:9-VC i .- 

the number of delays in the blasts can be large, the 
generated waves interact with one another in time and 
space, producing for complex movements which require 
that the instruments be placed in three directions: radial, 
vertical and transversal, Fig. 33.12. 

The distribution of the energy transported by the differ¬ 
ent types of waves has been studied by several inve¬ 
stigators such as Miller and Pursey (1955), Vorob’ev 
(1973), etc. who have come to the conclusion that the 
Rayleigh waves carry between 70 and 80% of the total 
energy. 

In the blasting manual by Du Pont, it is stated that this 
type of wave dominate the surface ground movement at 
several hundred meters from the blast and, as many 
structures and buildings around the operations are farther 
than 500 m away, the Rayleigh waves constitute the 
highest potential damage risk. 


33.3.2 Wave parameters 

_ The passing of a seismic wave through a rock medium 

propagation puts all of its particles in motion, which is called vibra- 
- tion. 

A simplification for the study of blast generated vibra- 




Fig. 33.12. Different wave types. 


Fig. 33.13. Harmonic wave motion. 
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dons consists of considering these as harmonic motion 
type waves. Fig. 33.13. 

The basic parameters for analysis are: 

- Amplitude (A). Maximum displacement of a particle 
from its rest position. 

- Particle velocity (v). Velocity at which a particle 
moves. 

- Acceleration (a). Velocity per unit time, i.e., 
a = v/t. 

- Frequency (f). Complete number of oscillations or 
cycles per second. The frequency is the inverse of the 
period 7^. 

The displacement y at any instant is worth: 

- y = Axsen(cof)- 

where: 

© = 2 X 7C X/= 2 X 7t X 

The length of the wave X for a propagation velocity of VC 
is: 

X = VC x T t = VC x 




Where DS is the distance from the seismic source 
(Richart et al. 1970). 


33.3.4 Non-elastic absorption 

In nature, the rock masses do not constitute an elastic, 
isotropic and homogeneous medium for vibration propa¬ 
gation. To the contrary, numerous non-elastic or non- 
dispersive effects appear which provoke a loss of energy 
during wave propagation, which is added to that caused 
by geometric attenuation. There are numerous reasons for 
the non-elastic attenuations, and each has different de¬ 
grees of influence: 

- Dissipation in a nonelastic matrix owing to the 

relative movement in the intercrystaline surfaces and 
planes of discontinuity. _ 

- Attenuation in saturated rocks owing to fluid move¬ 
ment with respect to the matrix. 

- Flow inside the cracks. 

- Dispersion of stresses induced by absorbed vola¬ 
tiles. 

- Reflection in porous rock or with large cavities. 

- Energy absorption in systems that have phase 
changes, etc. 


The relationships between displacement, velocity and 
acceleration of the particle are: 

y = A x sen (tor) 
d y 

v = — = A x to x cos (©r) 
dr 
dv 

a = — = - A x or x sen (cor) 
dr 

When only the maximum absolute values of these para- 
meters are taken into accountrthe previous relationships 
are converted into: 

V ma X =AX(0 = AX2'X7CX/ 

a mM =Ax(0 2 =Ax4xn 2 xf 2 = 
v max X 2 X 7t Xf 


33.3.3 Geometric attenuation 

The density of the energy of propagating waves gene¬ 
rated by the detonation of an explosive charge diminishes 
as the waves reach larger volumes of rock. Given that the 
ground vibrations induced by the blasts comprehend a 
complex combination of waves, it would seen logical to 
take into consideration certain geometric attenuation 
factors for each type. In a homogeneous, elastic and 
isotropic medium, the amplitude drops due to geometric 
absorption, and its drop, for different types of dominating 
waves, is proportional to: 

- 1 IDS for body waves in an (semi)infinite medium. 

- 1 /DS° 5 for Rayleigh waves. 

- 1 IDS 2 for body waves that travel along a free sur¬ 
face. 


33.3.5 Interaction of elastic waves 

The interaction of seismic waves in time and space can 
bring about a concentratin or focusing which gives atte¬ 
nuation coefficient values that are higher or lower than 
predicted or theoretically calculated. 

The topography and geometry of the geological forma¬ 
tions can produce the reflection and concentration of 
wave fronts in certain points. 

33. 4 AIR BLAST CHA R ACTE R I ST ICS - 

Air blast is the pressure wave that is associated with the 
detonation of an explosive charge, whereas noise is the 
audible and infrasonic part of the spectrum: from 20 Hz to 
20 kHz. Air blasts are the low frequency air vibrations 
with values that are usually under 20 Hz. 

According to Wiss and Linehan (1978), the causes of 
these disturbances are the following: 

1. Ground vibration brought on by an explosion (Rock 

pressure pulse): 1 - 

2. Escape of gases from the blasthole when the stemm¬ 
ing is ejected (Stemming release pulse). 

3. Escape of gases through the fractures created in the 
rock mass face (Gas release pulse). 

4. Detonation of the initiating cord in the open air. 

5. Displacement of the rock at bench face as the blast 
progresses (Air pressure pulse). 

6. Collision between the projected fragments, Fig. 
33.14. 

The combination of vibrations associated with these 
sources give a mobile front of air overpressure that tra¬ 
vels from the blast point. As air is compressible, it ab¬ 
sorbs part of the pressure wave energy to later set it free 
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t STEMMING RELEASE PULSE 

2. GAS RELEASE PULSE 

3. ROCK PRESSURE PULSE 

A. UNCOVERED DETONATING CORD 
E. AJR PRESSURE PULSE 
«. COLLISION OF FRAGMENTS 



Fig. 33.14. Air blast fronts in blasting. 
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The most frequent ranges of the different characteristic 
parameters of blast induced vibrations are shown in Table 
33.2. 




33.5.1 Recording and analyzing equipment 

The recording system consists of several components 
which carry out the following functions: 

- Detection by sensors. 


through expansion of the hpt gases, causing depression in 
those points. 

Air blast characteristics are not easy to predict. Factors 
such as climate, topography, etc. intervene which, along 
with the actual blast design, can give different results in 
each case. 

As mentioned before, air blast contains a considerable 
amount of low frequency energy which can eventually 


produce direct damage on structures; nowever, mgn tre- 
quency vibrations are more common and are felt in 
windows, dishes, doors, etc. 


33.5 INSTRUMENTATION FOR RECORDING AND 
ANALYZING VIBRATIONS AND AIR BLAST 

In order to carry out a study of vibrations and air blast, 
special instrumentation is required, as follows: 

- A seismograph system which detects and records 
ground movement. 

- A computer system which analyzes the recorded 
signals. 


Table 33.2. 


Parameter 

Displacement _ 

Particle velocity 
Particle acceleration 
Length of pulse 
Wave length 
Frequency 


Range _ 

10~'* to 10 mm 
FT 4 to 10 J mm/s 
10 to 10 5 mm/s 
0.5 to 2 s 
30 to 1500 m 
0.5 to 100 Hz 



Photo 33.3. Triaxial recording station consisting of three accelero 
meters. 
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- The transmission of the electric signals emitted by 
the sensors through the conductor wires, and 

- Recording of the signals with a seismograph for its 
posterior study and analysis. 

In Fig. 33.15, a schematic diagram of the operations 
and instrumentation used in the study of vibrations is 
represented. 

The sensors make up the first element of the measuring 
system and should be planted well in contact with the 
ground so that they vibrate as part of the earth, emmiting 
the signal which represents the true ground motion. This 
contact can be achieved by simply placing the sensors on 
the ground, by screwing them to blocks of aluminum or 
nther_n onferric_material, which is the least recommend- 
able if the sensors are electrodynamic; anchoring them 
next to a metal block by means of an expansion plug 
introduced into a hole made in the rock, which is the most 
common system used in firm ground; setting the sensors 
inside a box and burying it in the earth, used when the 
ground is not consolidated; and other less frequent alter¬ 
natives such as drilling blastholes and cementing them to 
create a firm base, using synthetic resins, etc. 

There are two tendencies as to where the sensors 
should be placed: one, on the ground near the structures to 
be protected; and another, on the structures themselves, 
bearing in mind that the latter will reflect the response of 
the construction and not record the ground movement. 

As to the vibration sensors, the most widely used are 
the vibration seismographs and the acceleration seismo¬ 
graphs. The first are the most popular, as particle velocity 
has become the parameter used to correlate the vibrations 
with the damage produced by the blasts. 

They are electromagnetic type transducers which emit 
an electric tension that is proportional to the velocity of 
the vibration particle. The electric signal is generated by a 
mobile coil within the field of a stationary magnet, Fig. 

33.16. Th e range of application is limited by the actual 
resonance frequency of the vibration seismograph, which 
is usually between 5 and 15 Hz and up to a maximum of 
200 to 300 Hz. As can be seen, they are not recommend- 
able when low frequencies exist. 

The acceleration seismographs are based on the differ¬ 
ence of potential generated by a piezoelectric crystal 
under force. This force is proportional to the mass of the 
cristal by the acceleration of vibratory movement, Fig. 

33.17. _ 

The recorders are instruments that allow visualization 

and amplification of the signals coming from the sensors. 
They can be of various types: those which only record 
peak values on paper, those which are continuous on 
photographic paper, printed by ultraviolet light galvano¬ 
meters, those of needle and thermic paper, those which 
use magnetic tape cassette or record, recording analogic 
signals registered by the sensors. 

These have the advantage of allowing the signal to be 
reproduced whenever necessary, introducing filters, in¬ 
tegrators, etc. between said signal and the recorder. 

The analogic recording on magnetic tape is carried out 
with different techniques which are adapted to the perti¬ 
nent conditions: modulated frequency recording - inter- 
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Fig. 33.15. Schematic diagram of the recording and analysis of vibra¬ 
tions. 
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Fig. 33.17. Acceleration seismograph (accelerometer). 



Photo 33.4. Seismograph for blast monitoring. 
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esting for low frequencies, direct recording for high 
frequencies, and multiplexed recording when a large 
number of signals come in. 

The seismograph system is usually composed of ana¬ 
log or digital instruments to reproduce and visualize the 
signals. 

When the signals are recorded on magnetic tape, these 
can be reproduced for a complete analysis, including the 
calculation of the Rapid Transform of Fourier in order to 
obtain the density of impulse frequency received or the 
energy destribution of seismic movement as function of 
the frequency. Apart from this, with the graphics obtained 
as function of the time, the maximum vibration level and 
its corresponding period can be predicted, as well as the 
length of the disturbance, etc. 

— W h en necessaryrthe-sig nals can be filtered, integrated 
or derived, in order to eliminate certain components or 
calculate other parameters from the primitive recording; 
for example if acceleration has been measured, integrate 
one or two dmes to obtain particle velocity or displace¬ 
ment, respectively. 

Lastly, it should be indicated that the sensors, although 
treated with care, should be checked periodically for 
sensitivity, and possible variation with use. 

Air blast is usually measured with a sonometer, which 
is easy to transport and install. It should be placed away 
from reflecting surfaces, in front of shielding objects and 
making certain that there is no background noise or wind 
to modify the recording. 

Special attention should be paid in selecting the scale 
of consideration, according to the measurements re¬ 
quired. 


33.6 CALCULATORS OF PROPOGATION LAWS 
FOR LAND AND AIR VIBRATIONS 

One ot the fundamental stages in the study and control of 
vibrations generated by blasting is the determination of 
the laws that govern their propagation in different me¬ 
diums of land or air. 

There are several methods used to estimate the ground 
movements produced by blasting. These methods are 
relatively simple as, if not, they would not have been 
readily accepted in the practical field of mining and civil 
engineering. 


33.6.1 Calculators for ground vibrations 

One of the first propagation equations was suggested by 
Morris (1950) and is as follows: 

A 

DS 

where: A = Maximum particle amplitude (mm), Q = 
Explosive charge weight (kg), DS = Distance from blast 
to recording point (m), K = Characteristic constant of the 
site which varies from 0.57, for competent hard rocks, up 
to 3.40 for unconsolidated ground. 



Leconte (1967), when revising the vibration control 
techniques suggested substituting the maximum particle 
amplitude of the Morris equation for the vector sum of the 
particle velocity, as follows: 


v = K,„ 


x — 
DS 


Amongst the most rigorous posterior investigations, 
those of Blair and Duvall (1954) and Duvall and Petkof 
(1959) are worthy of mention as they also try to correlate 
the intensity of generated seismic movement with the 
explosive charge weight and the distance to the source. In 
the supposition that the explosive column is a symme- 
trical sphere, the conclusion was ihat any lineal- dimcn- 
-sie n should be corrected by t he-cuhi c root of the ex plos^ 
ive charge. Similar results were obtained by Ambraseys 
and Hendron (1968) and Dowding (1971). 

In a general sense and taking particle velocity as the 
most characteristic vibration parameter, it was found that 
the intensity of the seismic waves and the scaled distance 
(cocient between the distance and the charge elevated to 
an exponent) followed the law below: 

Ids]-* 


where: v = Particle velocity, DS = Distance, Q = Max¬ 
imum charge per delay, K,n = Empirical constant. 

If cylindrical charges are used, it has been observed by 
dimensional analysis that the distances should be cor¬ 
rected by dividing them by the square root of the charge, 
Devine (1962), Devine and Duvall (1963), then being 
able to define the following laws of propagation, Fig. 
33.19: 


v = K x 


DS' 

jf 1 . 


This formula has been one of the most widely used up to 
present by numerous investigators, official organisms, 
users and manufacturers of explosives. 

Other authors such as Atewel et al. (1965), Holmberg 
and Persson (1978), and Shoop and Daemen (1963) do 
not take into consideration a particular charge symmetry 
and use the following general equation: 


where K, a and b are empirical constants estimated for a 
determined site by means of a multiple regression analy¬ 
sis. 

At relatively small distances, in comparison with the 
charge length, the propagation law v = Kx Qf x DS b 
can be modified by taking into account the following 
geometric model, Fig. 33.20. 

If one takes as basis a lineal charge concentration q l 
(kg/m), the particle velocity v can be obtained by in¬ 
tegrating the previous equation with respect to the relat¬ 
ive position along the length of the charge. 
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For competent rocks, such as Swedish granites, there are 
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some constants with values k = 700, a = 0.7 and b = -1.5, 
with v expressed in mm/s. 

In the Figs 33.21 and 33.22, the value of v is shown as 
function of DS, minimum distance from the point of 
interest to the elongated charge, and the lineal charge 
concentration for an explosive such as ANFO. 

This method of calculation is very interesting when 
wishing to preserve the resistance characteristics of the 
remaining masses, in surface mining slopes as well as 
underground walls, as it enables the estimation of maxi¬ 
mum charges for blastholes near the surface of the cut. 

The Swedish school, headed amongst others by Lange- 
fors, Kilhstrom and Gustafsson, relates the charge levels 
QIDS' 1 with particle velocity by using the equation: 

-- 

v = Kx I tv 


Lundborg (1977), basing his observations on data of the 
US Bureau of Mining (Nicholls et al, 1971) found a law 
v =f{DS, Q), and proposed the following equation: 

log v = 4.08 + 0.14 log Q - 2.06 log DS + 

0.22 log Q x log DS 

which is represented as a tridimensional surface. A 
simplification consists in adapting a plane to said surface, 
obtaining the following equation: 

log v = 2.86 + 0.66 log Q - 1.54 log DS 

The investigations carried out in the last few years have 
permitted a better prediction than with the typical lines 
represented on bilogarithmic paper, using the curved 
lines in correlations following the tendencies of the pairs 
of data Just and Free (1980), and Lopez Jimeno et al. 
(1985). Although the exponential fall has been acknow- 
ledged f or some time, e.g. Duvall and Pe t koj (1959), it 
has not been taken into account in the predictor equations 
until recently. * 

Just and Free (1980), propose the following propaga¬ 
tion law, based on observations in controlled blasts: 



\02\CH5 \w\w \ 8* ttfl/m 


RANGE W TCnC 
.DAMAGE BEGMS 


2 _» 

DISTANCE DS (m) 


Fig. 33.21. Blastholes of small diameter and length charged with 
ANFO (Holmberg and Persson). 



O 10 SO SO 40 SO 

DISTANCE DS (m) 

Fig. 33.22. Blastholes of large diameter and length charged with 
ANFO (Holmberg and Persson). 


v = Kx ( DS/Q Vi r 1 x e~ a{DS/Q 3) 

assuming that the body waves are predominant and that 
spherical divergency exists. 


„ GEOMETRICAL 
-SPREADING 


nonelastic absorption to take into account the exponential 
fall of v, making it proportional to e~ aDS , Fig. 33.23. 

They suggest, depending upon the types of waves, the 
following propagation laws: 

1. Body waves that are predominant (e.g. close to the 
blast) and measured on the surface: 


•\ L-oe \ NONELASTIC 

°\. r attenuation 


DISTANCE (m) 

Fig. 33.23. Vibration propagation laws with geometric absorptions 
and nonelastic exponential attenuations (Ghosh and Daemen, 1983). 
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where DR = Scaled distance. 
Therefore, the following exists: 

DS 

. Q V \ 


v = K x x 


x e 


a DS 


2. Body waves that are predominant (e.g. close to 
blast) and measured under the ground surface. 

-. 1-1 


1 


va- 


DS 


(DR) \Q l/ 2\ 

r»1- 1 


, therefore 


v = K 2 x 


DS 


la 


x e~ 


a DS 


3. Rayleigh waves that are predominant (e.g. at large 
distances from the blast). 


DS 

/V 


DS 

K U — 

(DR) 05 

Q v \ 

v = K 2 x 

DS 

Q v \ 

-v 2 


Vi 

, therefore 


x e~ aDS 


The exponent of Q will depend upon the geometry of the 
explosive charge, as indicated previously, l A for spherical 
charges and !4 for cylindrical. The general equations 
which enclose the former ones are, therefore: 

- n 

x e~ aDS 

- n 

x e~ aDS 


v = Kx 


v = Kx 


DS 

\Q V \ 

DS' 

i(F\ 


33.6.2 Theoretical prediction of ground vibrations 

When instrumentation and equipment to carry out a study 
of vibrations are available, the intensity of the distur¬ 
bances originated by blasting can be predicted with a 
theoretical model, G. Berta (1985), taking into account 
that the seismic energy transmitted to the rock by the 
explosive can be evaluated with the two following equa¬ 
tions: 

_ E = 2m 2 A 2 f x ItiDS 2 x p, x VC xT v x _ 

10 ~ 6 (MJ) 

E s = n t x n, x n 2 x E T x Q 

where: A = Displacement (m),/ = Frequency (Hz), DS = 
Distance from the explosion point (m), p r = Density of 
the rock (kg/m 3 ), VC = Seismic velocity (m/s), T v = 
Duration of the vibration (s), n t = Breaking factor (Char¬ 
ges laid on the ground n t < 0.4; Charges without a free 
face n t > 0.4), n, = Impedance factor = 

t ( Z e~ Z r ) 2 

(Z +^) 2 


n 2 = Coupling factor = 
1 

eP' d - 1,72 


E T = Energy per unit of mass (MJ/kg), Q = Amount 
of explosive (kg), Z e = Impedance of explosive 
(kg ■ nT 2 • s -1 ), Z r = Impedance of rock (kg • rrf 2 • s _l ), 
D = Blasthole diameter (mm), d = Charge diameter 
(mm). 

From the previous equations the following is ob¬ 
tained: 


A(m) = 


n t xn } x n 2 x E T x Qx 10 6 


(4 x 7t 3 xf x p r xVCx DS 1 x T v 


As the significative duration of vibration is considered to 
be five times the period: 

5 


and, as the ground frequency is calculated with: 

/ = x log DS)~ 1 

where l<f is a characteristic ground constant which 
influences the reduction of frequency with distance, 
Table 33.3. The amplitude and acceleration values can be 
calculated from: 


A(m) = 


n t x n x x n 2 x E r x Q x kf x log DS x 10 6 


20 x 7t 3 x p r x VC x DS 2 




v(m/s) = — x 
DS 


n t x n x x n 2 x E T x 10 6 


\5 xkfx logDS x 7t x p r x VC 
The previous formula is only valid when DS is over 1 


meter. 


Example 


with one free face. 

The data of the explosive is: 


;inagranite bench 


E t = 4.52 MJ/kg 

Z e = 9.5 x 10 6 kg • nr 2 • s" 1 . 


Table 33.3. 


Type of ground 

kf value 

Water logged sands and gravel 

0.11-0.13 

Compact alluviums 

0.06-0.09 

Hard and compact rock 

0.01-0.03 
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The characteristic rock parameters are: 

p r = 2700 kg/m 3 
VC = 5000 m/s 
fcf=0.01 

Z r = 13.50 x 10 6 kg • nr 2 • s' 1 . 

and the relationship blasthole diameter/charge diameter' 
is D/d = 1.06. 

What is the probable vibration intensity at a distance of 
150 m? 


v = 


VTo~ 

-x 

150 


-0:4^c0:9rx:t»:85-x-4:52-xT0 6 


|5 x 0.01 x log 150 x jt x 2700 x 5000 


0.012 m/s = 12 mm/s 



Fig. 33.24. Building situated at a distance DS from a position where 
blasting occurs. 



Fig. 33.25. Nomograph for overpressure conversion at noise level 
(Sisking et al. 1980). 


33.6.3 Air blast estimators 


The law of air blast propagation is accepted to be of the 
following type: 


SP = K, x 


DS 


|- k 2 



The audible component, which is the part of the spectrum 
comprehended be 20 Hz and 20 kHz, also called noise, is 
commonly measured in dB. The decibel is defined in 
terms of overpressure with the equation: 

SP 

NR = 20 log — 

- SP- - 

where: NR = Noise level, SP = Overpressure (N/m 2 ), 
SP a = Pressure of the lowest audible sound (20 - 10~ 6 
N/m 2 ), Figs 33.25 and 33.26. 

If experimental data for air blast is not available, a first 
estimation can be found from the nomograph given by 
Ladegaard-Pedersen and Daily (1975), Fig. 33.27, ob¬ 
tained for bench blasting with a stemming height of 30D. 
Knowing the scaled distance and burden, the most proba¬ 
ble air blast level can be determined. 


33.7 STUDIES OF VIBRATION AND AIR BLAST 


33.7.1 Planning for study of vibrations 

The two basic objectives for a study of vibrations are: 

- Finding the law of propagation of the vibrations to 
later determine the maximum charge weight per hole for 
a given distance and a previously adopted prevention 
criteria. 

- Finding the predominating vibration frequencies for 



Pa 
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EXPLOSIONS 


Fig. 33.26. Human and structural response to sound pressure level. 
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the rock mass to be excavated, thus permitting the most 
effective initiation sequence to be established. 

To carry this out requires a previous geological analy¬ 
sis of the area between the blasts and the structures to be 



7|£ rtt___ 

(Ji 3 40 400 4300 

SCALED DISTANCE (m/Kg 173 ) 

Fig. 33.27. Prediction of air overpressure from the geometry and 
charge of the blasts. 



Fig. 33.28. Planning for a study of vibrations. 


protected. In function with the findings, a scaled down 
blast can be designed, either individual or multiple, in 
which the charge weight per hole or distances can be 
varied, in order to cover a wide range of scaled dis¬ 
tances. 

Once the results of the first blasts have been given, it 
can be decided which of the components is the most 
interesting to measure if the recording stations are not 
triaxial and, above all, when a large number of sensors are 
not available. 

The minimum number of blasts recommended is be¬ 
tween 8 and 10, and the execution conditions as to 
confinement, priming, etc. should be similar to those used 
In-production-blasting-becaas e frequently conservative 
postures are adopted, firing practically without a free 
face. 

The spatial situation is also important, because a study 
carried out at a determined level and within a geological- 
structural context may not be, on occasions, extrapolated 
to other areas. All vibration studies have a limited value 
where space and time are concerned. 

Once the records have been reproduced and analyzed 
in the laboratory, Fig. 33.29, they can be compared stad- 
istically to ascertain the law of propagation. 

Previously, all data will have been summed up in a 
Table, giving, for example, the maximum vibration 
levels, v if it is particle velocity, and the Scaled Distances 
DR, if the law to be obtained is of the following type: 

y = a x ** 


where: y = Particle velocity v, * = Scaled distance DR. 

Logarithms can be taken and a straight line can be 
adjusted by squared minimums, Fig. 33.30. 

logy = logo + b x log* 


where: 


I(logx) x (logy) - 


CL log A) x (2. logy) 


b = 


S(logx) 2 - 


(Hog *) 2 


and 


a = Exponential 


I logy I log* 
- b - 


and the lineal coefficient r from: 


^=- 


X(logx) x (logy) - 


(Slog*) x (Hogy) 


X(logx) 2 - 


(E log*) 2 


I (logy) 2 - 


(Elogy) 2 


If the Standard Deviation is also calculated, it would be 
possible to draw the parallel lines between which a deter¬ 
mined number of values can be found (e.g. 95%), thus 
adopting a Safety Factor for the law of propagation. 









There are numerous equations (laws) that can be ad¬ 
justed and, amongst all of them, the one which best suits 
the occasion should be chosen. This is now carried out 
with small computer programs which have been specially 
prepared. 

Onee the law has been estimated and the threshold of 
damages decided, the value of the scaled distance can be 
ascertained from the equation, enabling the preparation 
of the table of maximum co-operating charges for differ¬ 
ent distances. 

For example, if the law obtained for a determined 
percentage of probability or safety level is: 

v = 1400 x DR* 16 

where 


and v is not to be over 30 mm/s. Fig. 33.30. The Table 
of Charges-Distances will correspond to DR = 11.04 
m/kg 1/2 and therefore, the following values will exist. 
Table 33.4. 

The method to be applied for air blast is very similar. 

On t he ot he r hand, i t is in t e re sti n g t o study how the 
duration of seismic excitement increases and frequency 
diminishes in relationship with distance to the point of 
blast, adjusting laws of the following type: 

f(Hz) = K l x DS~ k 2, and 
T v (s) = K[ xDS + k 2 


Table 33.4. 


Distance to the blast (m) 

Max. co-operating charge (kg) 

100 

82 

300 

738 

500 

2050 

700 

4017 








Land vibrations, air blast and their control 


349 


The value of T v should refer to a same type of blast, as in 
multiple rounds with a total time t v , T v = kx. t v is 
fulfilled, with K taking on values of 3,4 or even more at 
several hundred meters. 


33.7.2 Inspections previous to blasting 

The objective of these inspections is to compile data in a 
written document which gives the condition of a structure 
before commencing excavation work with explosives. 
Many buildings have cracks in unknown places and their 
occupants accuse the vibrations and air blast generated by 
blasting as the cause. 

Tn some countries, these inspections are normal prac- 
tice and, in the US, the Office of Surface Mining con- 
templates that any inhabitant having property at less than 
800 meters from a blasting area can ask the Administra¬ 
tion for a previous study. 

The first advantage of this documentation is that it 
makes the residents of areas close to the blast aware of the 
fact that many cracks and imperfections in their buildings 
are originated by other than seismic causes, such as 
changes in weather, humidity, wind, ground conditions 
and the constructive quality itself. The second advantage 


SUGGESTED FIELD INSPECTION REPORT 

BY_ 

__ (Type in name) 

HOUSE NUMBER AND STREET PRESENT DURING INSPECTION 

_(y««) _ (no) _ 

NAME OF OCCUPANT 

Full name 

I. description OF HOUSE 

Floors . one _ or two _ 

Basement , full _ or partial _ 

Number of room9, up _, down_ 

Type of Construction , frame _, brick _, 

brick veneer _, concrete block _, 

stone veneer _, shingle _, stucco _ 

If Brick. Type of Lintels , _^_ 

Roof , wood ahingle _> composition _, or 

clay tile _ 

Chimney Construction and Type, _ 

Age of house . __, condition_, paint _ 

Any addition to bouse, _; if so, la it aame as original construction 


hi. SKETCH OF FLOOR PLANS WITH IDENTIFYING ROOM NUMBERS 


III. DESCRIPTION OF FOUNDATION AND BASEMENT 

Excavated Depth _ or above ground _ 

Footings, concrete _, block_,, brick _ 

Width of footings _, proportional to loads _ 

Mall*, concrete ■ concrete blocks ■ or 

brick . thickness 

Are the Four Corners bevel, Heasure _ 

Is the First Brick Coarse Level _ 

Floor Joists 

Are both ends on masonry _ or wood _ size _ 

Length _ Distance between floor Joists _ size 

Are there double joists under unsupported partltltons _ 

Span and type of mid-npan support for joists 
IV. DESCRIPTION OF LOT 

Level I sloping to front 

_ to rear - nr ho wide _ 

Graded . or filled _area 

la area properly drained _ 

Provisions for handling water from roof 

la subsoil drainage carried away from wall _ 

Are there large trees nearby 

Depth of water table ^ 

Any settlement of nearby structures _ 

COMMENTS: _ 


V. DESCRIPTION OF ROOM NUMBER _ (reference drawing on abort one) 

Celling, plaster _, wood lathe _, metal lathe _ 

gypsum board _ 

Valla, plaster _plaster and lathe . or gypsum board _ 

paper _, paint _;_ 

Ceiling *■ cracks (Yes) _ (No) __ 

Location and size; state whether Horizontal (H), Vertical (V), Slanting <S) 


ESTIMATE AGE OF CRACKS _ 

Walla - dracka (Yea) _ (No) _ 

Loc at ton and size; state whether Horizontal (H), Vertical (V), Slanting <S); 

where partition wall joins exterior wall _ 

North South East West 


Corners of 
windows 

Corners 
of doors 


OtherB, i.e. 
windows 


COMMENTS: 


ESTIMATE AGE OF CRACKS 
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- Type of ground on which the structure sits. 

- Vibratory characteristics of the structural and non- 
structural entity of the building and modifying factors. 

A parameter which is important in controlling poten¬ 
tial damage by blast induced vibrations is their dominat¬ 
ing frequency. In the cases where the natural frequency of 
the buildings is very close or equal to the dominating 
frequencies, a resonance phenomenon is produced with 
magnifying effects, Fig. 33.32. 

The natural frequencies of the buildings or structures 
can generally be calculated analytically with simple 
equations, widely used in seismic engineering, such as 
the following: 

- Buildings with prefabricated or reinforced concrete 
walls: 


T s = 0.06 x 


2 L p + H v 


- Buildings with framework structure of reinforced 
concrete: 

H v 

T = 0.09 x — v 


I 2 4 6 8 0 20 40 6080100 200 400 

SCALED DISTANCE (m/Kg 172 ) 

Fig. 33.30. Adjusted law of propagation. 


is that the documentation can be used, if the occasion 
arises, to verify or contest the damage claims attributed to 
vibrations. 

On many occasions, the initial cost of drawing up these 
documents is greatly compensated by the lower number 
of claims and conflictive situations with lawsuits between 




person can inspect 7 or 8 homes in one day. 

The procedure used for describing the condition of a 
structure should be as systematic and detailed as possible, 
writing down all visible defects and even taking photo¬ 
graphs, if necessary. Each document should contemplate, 
first of all, the identity of the owners, address and situa¬ 
tion of the residence, and the date of inspection, Fig. 
33.31 shows the system used by Vibra-Tech for a study of 
the inside of a home. Other aspects to take into account 


garages, foundations, etc. 

33.8 DAMAGE PREVENTION CRITERIA 
FOR BUILDINGS 


33.8.1 Building response 

Damages that appear in structures from vibration type 
effects depend upon the dynamic response of the building 
which itself, at the same time, is conditioned by various 
factors such as: 

- Type and characteristics of the vibrations, duration, 
frequency, transmitted energy, etc. 


- Buildings with metal structure: 

H v 

T= 0.10 x — 

L P 

In all the previous equations: t s = Period (s), H v = Height 
of building (m), L p = Floor dimension, taken in the direc¬ 
tion of the vibration whose effect is desired to be indi¬ 
cated (m), h v - Height of each floor (m). 

The typical frequency values are found between 5 and 
15 Hz, being lower as the number of floors increase. 


superstructure and usually have natural frequencies be¬ 
tween 12 and 20 Hz. 

Another parameter that is as important as the natural 
frequency is absorption. The common values of these 
coefficients in residential type structures (Dowding et al. 
1980) vary around 5%. 

The vibrations in buildings can be magnified due to the 
response of the structural elements of which they are 
composed, Fig. 33.33. Therefore, more attention should 


oe paia co-tne- tim e s ot tn emnisecona del ay - d e ton ators. 
When lowering charge weights per hole and increasing 
blasting times, dangerous vibration frequencies may be 
generated if they are close to those of resonance. For 
example, using milisecond delay detonators of 30 ms, 
and leaving a number unused, a vibration of 1000/ 
60 = 16.7 Hz is being caused, which is within the range 
of potential damages. This phenomenon has been proved 
by the authors in recorders near the blast areas. (Lopez 
Jimeno and Abad, 1986). 

A simple method to predict the structural response of a 
building to vibrations is the Fast Fourier Transform, 
(FFT) application. FFT informs in practice about what 
frequency band, and responsible wave length is needed to 
be omitted for avoiding damage and disturbances. FFT 
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Fig. 33.32. Magnification effects when the building’s natural frequen¬ 
cy is close to the dominating frequency in the earth (Clark et al.). 



GREAT WAVE LENGTH 



SMALL WAVE LENGTH 


Fig. 33.35. Interaction between the building foundations and vibrating 
ground. 
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Fig. 33.33. Magnification within a building (Clark et al.). 


ACELERATtON SHEAR 


Fig. 33.36. Types of damage. 






successfully resonance and magnification problems. 

The types of damage are diverse, Fig. 33.36: uplifts 
due to gas intrusion when the constructions are very close 
to the blast area, relative acceleration of the ground, 
shearings and settlements ofthe foundations. 

When refering to the characteristic type of cracks 
produced by seismic motion, the most representative are 
those called X-cracks, because when the structures are 
deformed by relative movement of the bases, tensile 
stresses are created on the diagonals of the paralle¬ 
lograms which cause damage by compression, overcom¬ 
ing the strength of the materials, Fig. 33.37. 

33.8.2 Damage prevention criteria 

After finding the law which governs the propagation of 
the seismic waves in a rocky medium, the degree of 


Fig. 33.34. Effects of the P and S waves on structures. 


maximum vibration tolerated by different types of struc- 
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tures near the excavation must be estimated in order to 
prevent damage. 

The decision of which criteria or levels of vibration 
prevention should be adopted is usually a delicate issue. 
This requires expert knowledge of the mechanisms which 
intervene in the phenomena of blasting and the responses 
of structures. A risky criterium can cause damages and 
imperfections, whereas a conservative posture could up¬ 
set or even paralize the development of mining or civil 
engineering activity with explosives. 

The prevention criteria for vibrations produced by 
blasting has been subjected to study since the beginning 
of the century. Worthy of mention are: the investigations 
of Rockwell in 1927, Thoenen and Windes in 1942. who 
used particle acceleration as the most characteristic pa- 
rameter; Crandell in 1949, who used the energy ratio, 
Morris in 1950, who established a new damage criterium 
based on the amplitude of vibration, and Langefors and 
Kihlstrom in 1958, who adopted particle velocity as the 
most important parameter, proposing different levels, 
depending upon the intensity of potential damages. After¬ 
wards, in 1963, these authors took into consideration the 
type of ground upon which the structures had their foun¬ 
dations, proposing criteria with wider outlooks. During 
the decade of the sixties and seventies, numerous inve¬ 
stigators such as Northwood, Crawford, Edwards, Du¬ 
vall, Fogelson, Nicholls, etc., exposed different safety 
limits, all based on particle velocity, already forseeing the 
necessity of adjusting those prevention levels to the dif¬ 
ferent types of constructions, as done by Ashley in 1976, 
Chaein 1978, Wiss in 1981, etc. 

In another step towards developing and perfecting the 
criteria, apart from the type of rock under the founda¬ 
tions, the type of structure to be protected was introduced 
as another variable as important as vibration frequency, 
publishing the French Regulation AFTES (1976), the 
-S tandars Association -e f Australia Regu l a fior h - the DIN, 
(1983), etc. All mentioned criteria is summed up gra¬ 
phically in Fig. 33.38. s 

Afterwards, several investigators such as Dowding 
(1977), Medearis (1977), Maik (1979), Walker, Young 
and Davey (1981), Sisking, Stagg, Kopp and Dowding 
(1981), etc. directed their efforts towards the correlation 
of structure response with damages produced by different 
vibration intensities, through analysis of the seismic 
spectrums. One fact that has become more noticeable day 
by day in these investigations is the increasing impor¬ 
tance of the low frequencies. 

However, even though the criteria and application of 
techniques known in seismic engineering have evolved, 
the discrepancies between engineers and organisms are 
still quite noticeable, especially when the studies are of a 
local nature. It must also be noted that rarely are clear and 
concise recommendations or calculations given by 
operators who do not have a profound knowledge of the 
phenomenology of vibrations. 

Another aspect worthy of mention is that in the major¬ 
ity of cases, the damage threshold is adopted for struc¬ 
tures and buildings, without taking into account their 
contents. Sometimes there might be computers, electric 


relays or other sensitive equipment which must be pro¬ 
tected from even lower vibration levels than those for the 
building itself. 

Lastly, the O.S.M. (Office of Surface Mining) in the 
United States, in 1983, acknowledging the dependence 
that exists between the dominating vibration frequency 
and the distances to the blast area, published the follow¬ 
ing recommendations for protecting buildings near the 
mines, Table 33.5. 

The criteria shown are not only useful as damage 
thresholds, but also as a starting point when recording 
equipment is not available. Thus, for example, when 
there is a house at 1000 m distance from the blast, the 
maximum co-operating charge recommended is: 

- DS - » - 

DR = ~ = 24.5 m/kg' 2 ; 

Vq 


Q = 


DS 

2 

1000' 

DR 


24.6, 


= 1666 kg 


33.8.3 Damage prevention criteria for air blast 

Air blast usually produces fewer problems than ground 
vibrations. Window panes usually break before structural 
damage occurs; cracks in the plaster, for example. 

The criteria proposed by Siskind and Summers (1974), 
to avoid window pane breakage are shown in Table 33.6. 

The probability of window pane breakage for a deter¬ 
mined overpressure can be estimated with the equation 
proposed by Redpath: 

PR C (%) = 2.043 x 10- 7 x A'- 22 x AP 2 - 78 

where: A v - Area of the window pane (m 2 ), AP = Over¬ 
pressure (mbar). 

— Sp e eial att e ntion should be paid when comparing noise 
levels, as the dB(L) refer to a logarithmic scale. An 
overpressure of 120 dB(L) is 78.6% more than one of 115 
dB(L). See Table 33.7, with the values in kPa. 


Table 33.5. 


Distance to 
blast area 

Max. particle 
velocity (mm/s) 

Recommended scaled distance 
when instrumentation is not avail¬ 
able (m/kg ' 2 ) 


32 

?? 30 

90 to 1500 m 

25 

24.50 

> 1500 m 

19 

29.00 


Table 33.6. 


Limit noise level 



Lineal peak* 

C-peak 

A-peak 


dB(L) 

dB(C) 

dB(A) 

Safety level 

128 

120 

95 

Precaution level 

128-136 

120-130 

95-115 

Limit level 

1336 

130 

115 
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TYPE OF VBHATtON 
NOT SPECIFIED (20 Hi) 



POMMJTY OF 
CRACKS ON FACING 

rtlOMSLE DAMAGES TO 
SUPPORT*!® ELBuerrs 

DAMMM AND DESTRUCTION 

OF SUPPORT*#! tsLBmun 

II 1 1 1 1 1 1 1 1 1 1 1 ^ 


STANDARS 

BRITISH 

(1970) 


10 IB 20 26 


60 100 200 600 

I i P i d 


Ve (m/«) I 


BULONQ 

OF aooo 

QUALITY 

4600 
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Safety ] damages 

1600 



1 

1 

BUILOtM 

OF MBMJM 
QUALITY 

4600 


3000 


1600 

l i 



BULDMQ 

OF POOR 

QUALITY 

4600 


3000 

Wmmm damages 

1600 





AFTES 

(1976) 


Fig. 33.38. Damage criteria. 
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Fig. 33.38. Damage criteria (cont.). 
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Fig. 33.38. Damage criteria (cont.) 


Table 33.7. 


Overpressure 

Probable effect 


180dB(L) 

20.0 kPa 

Important damage to conven¬ 
tional structures 

> 170 

>6.3 

Cracks will appear in plaster 

170 

6.3 

Many window panes will break 

150 

0.63 

Some window panes will break 

140 

0.2 

Probable breakage of large win¬ 
dow panes 

136 

0.13 

Limit of air blast proposed by 
U.S.B.M. 

120 

0.02 

Complaints 

115 

0.0112 

< 6% of overpressure which can 
cause breakage of large window 



panes 


Table 33.8 (Baker, 1973). 


Description 

Intensification factor 

Simple negative gradient 

0 

Simple positive gradient 

5 

Zero gradient near the surface and with posi¬ 
tive gradient above 

10 

Negative gradient near surface with strong 
positive gradient above 

100 






















VIBRATION VELOCITY (mm/s) 
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Other important aspects to take into account are the 
atmospheric conditions at the moment of the blast. In 
Table 33.8, five different situations are shown and the 
intensification factors of air blast that can be expected. 


33.9 EFFECTS OF VIBRATIONS AND AIR BLAST 
ON PEOPLE 

One of the factors to be considered when blasting is the 
physiological response of human beings, as with levels 
under the maximum admissible for prevention of damage 
to structures, there can be an index of perception which 
could make people think of probable damage. Fig. 33.40. 
Therefore, it is frequent that in many projects the 


t. DBECT DAMAGE ON BUILDINGS FROM BLAST GENERATED 
VIBRATIONS 

2. UPPER LIMIT RECOMMENDED FOR BLAST 

3 UPPER LIMIT RECOMMENDEO FOR SMK1NG PILES VIBRATORY 
' COMPACTORS, DEEP DYNAMIC COMPACTORS AND TRAFFIC 
ON WHEELS 

4. MAXIMUM VALUE FOR IBM COMPUTERS F THE DURACTON 
OF THE VBRATION IS UfOEfi 6» 

6. MAXIMUM VALUE FOR BM COMPUTERS F THE DURACTION 
OF THE VBRATION IS OVER 6« 

6. LIMIT OF HUMAN PERCEPTION 


Fig. 33.39. Damage criteria. 


than on the probability of damages. 

There are numerous regulations on human response to 
vibrations, the two most important being ISO-2631 and 
DIN-4150. Other investigations such as those of Reiher- 
Meister, Crandell, Goldman, Rathbone, etc., who repre¬ 
sent graphically where different levels of perception are 
established in function with vibration intensity and fre¬ 
quency. Fig. 33.41. 

An analytical procedure of estimation is proposed by 
Steffens (1974), based on the calculation of a parameter 
K. 


0.005 Ax/ 2 _ 0.8 vx/ _ 0.125 x a 
(100 + f 2 ) V * " (100 +/ 2 ) l/ 2 " (100 + f) V * 



where: / = Frequency (Hz), A = Amplitude (pm), v = 
Particle velocity (mm/s), a = Acceleration (mm/s 2 ). 

According to this value of K, the levels of perception of 
Table 33.9, are distinguished 



VBRATIONS ON. 
A PERMANENT 
BASIS 


VIBRATIONS ON 
A TRANSITORY 
BASIS WITHOUT 
NOISE UNBIASED 
OBSERVER 


BLAST CAUSED 
VIBRATIONS 
ACCOMPANIED 
BY NOISE BIASED 
OBSERVER 


Photo 33.5. Sonometer installed to measure air blast. 


Fig. 33.40. Human response to vibrations, according to whether they 
are accompanied by noise or not (Oriard). 
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FRECUENCY (Hz) 

Fig. 33.41. Human response to vibration according to Goldman 
(1948). 


Table 33.9. 


Value of K 

Level of perception 

< 0.1 

Not perceptible 

0.1 

Almost perceptible 

0.25 

Barely perceptible 

0.63 

Perceptible 

1.6 

Easily perceptible 

4.0 

Highly detectable 

10.0 

Severely detectable 


33.10 EFFECTS OF VIBRATIONS ON 
ROCKMASSES 

Vibrations have two fields of action on rock masses. On 
one hand they affect the integrity of the rocks or their 
compressive strength parameters and, on the other, can 
provoke wall or slope coltapse when unstabilizing actions 
are introduced. 

In the first instance, the critical vibration velocity can 
be determined after finding the longitudinal wave propa¬ 
gation velocity in the rock mass, the density and the 
tensile strength of the rock. 



RT = p r x v crit x VC 


V • 
c n t 


RT 


where: RT = Tensile strength, p r = Density of the me¬ 
dium, VC = Propagation velocity of longitudinal waves. 

Thus, for a rock with p r = 2.6 t/m 3 and VC = 4500 
m/s, the following exists: 

AT (MPa) 

v crit (mm/s) =- 

0.117 

According to Oiwd“(T970)/the damage threshold in rock 
slopes is around 60 cm/s of particle velocity. 

Afterwards, Bauer and Calder (1971), give the criteria 
shown in Table 33.10. 

Fig. 33.42, gives, in a general sense, the predictable 
damages due to effect of vibrations in function with the 
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maximum charge weight per unit of delay and the dis¬ 
tance from the center of gravity of the blast to the record¬ 
ing point. 

Fig. 33.43, shows a procedure to estimate the damages 
to rock masses from blast vibrations. 

When referring to wall stability, this can be determined 


•WEAK* ROCK Q<0.1 
MRMR<20 


l 



VERY “POOR" ROCK 

Q>60 

MRMR>80 





Photo 33.7. Backbreak and face loose rock on final pit slope. 


< 5000 

_i 

8 

O- 2000 

O 

IL 

Ul 1000 

a 


-Q--NGI 0 SYSTEM 1 

MRMR-MWNG ROCK MASS HATING 


PEAK PARTICLE VELOCITY (mm/s) 

Fig. 33.43. Loss of rock mass quality according to vibration level. 



- fWmr 

Wit . : 


Wa cos (p.0^ N 


Wa mu (p»0A> 


W*m(g*a,)L\ w*t W=m(g-d r ) 


Fig. 33.44. Unstabilizing effect of vibrations in a block resting on a 
slope. 


' | 2 5 10 20 30 lOO 200 500 1000 5000 

DISTANCE FROM BLAST (m) 

Fig. 33.42. Relationship between maximum charge weight per delay, 
distance and peak particle velocity. 


Table 33.10. 

Particle velocity (cm/s) 

Predictable damages 

<25 

No danger in sound rock 

25-60 

Possible sliding due to tensile breakage 

60-250 

Strong tensile and some radial cracking 

>250 

Complete breakup of rock masses 


Uy the relationship between the activeforces, which tend 
to produce sliding or failure, and the resisting forces, 
which oppose the movilization of the masses implicated. 
Although the behavior of a wall when confronted with 
dynamic effects is complex, owing to the numerous 
factors that concur, one of the simplified methods to 
calculate the safety coefficient consists in supposing that 
the acceleration or velocity due to the seism of the blast is 
changed into a static force in a determined direction and 
is proportional to the weight of the sliding mass. 

In die case of a block resting on an inclined plane, Fig. 
33.44, the equation that gives the Safety Factor, SF depre¬ 
ciating the effect of the vertical component of vibratory 
movement, is: 
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fS ^ C h xS P + W A x C0S (P + 6 a) x tfifr 
W A x sen (P + 0 A ) 

where: C h = Cohesion, S p = Contact area of the block, 
W A = Weight of the block, (i = Slope angle, <)> = Friction 
angle, Q A = Angle caused by longitudinal component of 
vibrations. 

In the particular case of zero cohesion and with the 
following values: p = 32° and $ = 37°, the Safety Factor 
is 1.2, but if the vibrations act with a longitudinal compo¬ 
nent v H = 6 mm/s, with a frequency of 25 Hz, SF changes 
to be 0.98 and block sliding is produced. 

Depending upon the type of failure, calculation models 
can be developed to detenmmTSafety Factors for differ^ 
ent levels ofwibrationsxrvieeversarFigr33T45:- 


33.11 EFFECT OF VIBRATIONS ON FRESHLY 
POURED CONCRETE 

In actual practice, numerous occasions arise when it is 
necessary to build concrete structures at the same time 
when excavations by blasting are being carried out. For 
example, linings during tunnel driving, foundations for 
the primary crushing buildings near open pits, etc. 

Fig. 33.46, shows prevention criteria given by Oriard 
depending upon curing or hardening time of the con¬ 
cretes, although such recommendations cannot be made 
extensive to all types of concrete. 

As can be observed, during the hardening period of 0 to 
4 hours, the concrete is still not hard and the admissible 
levels are relatively high. From 4 to 24 hours, it begins to 
harden slowly, and after 7 days it reaches a strength that is 
approximately % of the final product (28 days), allowing 
a progressive intensification of the vibrations. 

—Ihe-empiricaLequations whi ch can he used for an 
orientative calculation of the maximum co-operative 
charges, according to age of concrete and distances to 
blast are: 

Fill and mass concrete 

Q = 38.20 x 10“ 3 x DS [M x K 
(DS in m and Q in kg) 

where: K = 1.0 for t = 0-4 hours, K = 0.16 for t = 4-24 
hours, K = 0 : 3 fo r f = 1-3 da y s , # - 0.7 for f =- 3-7 days, 
K = 2.3 for t = 7-10 days, K = 5.5 for / = + 10 days. 

Reinforced or structural concrete 

Q = 14.55 x 10- 3 x DS lM x K 
(DS in m and Q in kg) 

where: K = 1.0 for t = 0-4 hours, K = 0.08 for t = 4-24 
hours, K = 0.37 for t - 1-3 days, K = 1.0 for t = 3-7 
days, K = 3.0 for t = 7-10 days, K = 7.58 for t = + 10 
days. 

Other factors to take into account are the characteristic 
frequencies of the vibrations, external hardening condi¬ 
tions, areas of rock-concrete contact, etc. 




PARTICLE VELOCITY (mm/s) 


Fig. 33.45. Variation of the Safety Factor for a block with a wedge cut 
in function with scaled distance. 



4 24 72 KB 240 

SET TNG TME (h) 

Fig. 33.46. Maximum particle velocity in function with hardening^ 
time. 


On the other hand, Isaac and Bubb (1981), summed up 
all their experiences and those of Scandinavian inve¬ 
stigators in a graph where, according to the strength 
acquired by the concrete, the maximum vibration level is 
determined. 

In the construction of some nuclear plants in Spain the 
following criteria have been used: 
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Fill concrete 


RC (/) 

v(mm/s) = 100 x < 100 


where: RC(t) = Strength acquired by the concrete after a 
time t (MPa). 

With the limitations: 

- Time passed after pouring the concrete > 8 h. 

- Maximum particle velocity < 100 mm/s. 

Structural concrete 


RC{t) 

v . (mm/s) = 60 x-< 100 


number of detonators or delay times possible, with 
sequenced explosives or milisecond delays if the com¬ 
mercial series of electric blasting caps is surpassed, Figs 
33.48 and 33.49. 

- Reduce the number of blastholes having instanta¬ 
neous detonators, as these give higher dispersion that the 
highest numbers of the series. 

- Choose an effective delay time between holes and 
rows which avoid wave interaction and give good rock 
displacement. 

- Set the initiation sequence in a way that it progresses 
away from the structure to be protected, Fig. 33.50. 


With the same limitations as before. 


I'l ■ i pace i.1.1 


5 8 

3 I 


33.12 RECOMMENDATIONS FOR REDUCING 
GROUND VIBRATION AND AIR BLAST 
LEVELS 

Although each case should be carefully analyzed, the 
principal measures that can be taken for reducing blast 
generated vibrations are: 

- Minimizing the explosive charge per milisecond 
delay: Reducing the drilling diameter; Shortening the 
length of the holes; Decking the charges in the holes and 
initiating them at different times; Utilizing the maximum 


k > t 

• ■ • 

II 3 


. DELAY PERIOD IN 
UPPER CHARGE DECK 

. DELAY PERIOD IN 
LOWER CHARGE DECK 


Fig. 33.48. Blasts with decked charges in the holes. 


EXTRAPOLATED CURVES FOR 
REINFORCED CONCRETE OF 40 MPa 


40 MPa 
35 MPa^f 


30 MPa 

V 

A 




a. STAGGERED IN LINE 


7 6 5 4 3 2 1 

mmm 

3 i 
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35 40 

COMPRESSIVE STRENGTH (MPa) 

Fig. 33.47. Admissible vibration levels depending upon the strength of 
the concrete. 


6 K 13 Q H t) O II 12 13 K 15 
b. STAGGERED *V2" 

Fig. 33.49. Multiple blasts with the same number of holes and different 
durations. 
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FACE INCORRECT 





m 


FACE CORRECT 



Fig. 33.50. Initiation sequence in relation to the structure to be pro¬ 
tected. 
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-SHAPE OF AR BLAST 


f r <VS 


tf - NTERBLASTHOLE DELAY 
VS - SPEED OF SOUND IN AIR 

Fig. 33.51. Blast progression along a face and simulation of air blast. 


SHIELD VALUE : Zp - (A+B) - (R+D) 



- Use the adequate powder factor, as when it is 
lowered the charge confinement can increase and, conse¬ 
quently, so will the intensity of vibrations. Obviously, an 
excessive consumption will create an unnecessary over¬ 
load, accompanied by great disturbing effects. 

- Place the pattern with a relationship H/B > 2. 

- Control drilling so that the patterns coincide with the 
nominal ones. 

- Use only the subdrilling necessary to acheive good 
breakage. 

- Use the largest possible face blast area. 

- Create shields or discontinuities between the struc¬ 
tures to be protected and the masses to be blasted. 

As with ground vibrat ions, the recommendations for 
air blast reduction are: 

—^^tvfinimrze^charge^weighTpermilisecondidetayrffee - 
the corresponding part about ground vibrations). 

- Choose delay times so that the blast progresses 
along the face at a velocity lower than that of sound in the 
air (< 340 m/s), Fig. 33.51. 

- Increase confinement of the explosive charges with 
long stemming heights > 25 D, but not excessive, and use 
adequate inert material. 

- Avoid using detonating cord, and when it is neces¬ 
sary, cover it with fine sand of a minimum thickness of 7 
to 10 cm. 

- Never fire blasts when the direction of the wind is 
critical. 

- Select patterns and sequences that avoid cooperative 
wave interaction. 

- Inspect the state of the faces before blasting in order 
to correct the charges with in the blastholes with burdens 
that are under the nominal. 

- Control the explosive charge in ground with solu¬ 
tion cavities to eliminate pocket concentrations. 

- Place earth or other types of shields between blast 

-and-receiving-point T -Eig_33.52- 



Fig. 33.52. Interposing shields between the blasts and receiving 
points. 


33.12.1 Reducing vibrations with precision detonators 

The effect of lineal interference or superposition of the 
wave trains generated by different sequenced explosive 



Photo 33.8. Face displacement in a one-hole blast for a vibration 
study. 
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Fig. 33.53. Phases of vibration simulation in 
multiple blastings. 



Photo 33.9. Field tests to measure the effectiveness of noise and air 
blast reduction in a detonating cord covered with sand. 
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SINGLE ROW BLAST 


MULTIPLE ROW BLAST WITH 72im 
DELAY BETWEEN ROWS 



FREQUENCY (Hz) 


FREQUENCY (Hz) 


Fig. 33.56. Frequency patterns vs delay time, (a) Row with 4 blastholes with 2 ms increases between charges, (b) Two rows of 4 blastholes, with 72 ms 
delay between holes in row, and 3 ms increase between rows. 


charges is a phenomenon which has drawn much atten¬ 
tion lately. Supposing that each hole of a blast produces 
the same vibration, but delayed in time by sequenced 
initiation, it is possible to simulate the recording that 
would be obtained - with its maximum particle velocity 
and dominating frequencies - by combining the vibra¬ 
tions of a group of blastholes with a given geometry and 
initiation sequence. 

In Fig. 33.53, a simulation procedure is given for the 
vibrations of a blast, having on hand the actual recording 
of the signal produced by only one hole. 




signals. As can be observed, the delay of 15 ms gives the 
lowest maximum vibration velocity. 

In the same manner, the spectral analysis of Fourier can 
be carried out in order to determine the dominating 
frequencies that would be generated. Fig. 33.56 shows 
two simulations that correspond to a single row blast and 
to another multiple blast where two different delay in¬ 
tervals, multiples of 2 and 3 ms respectively, are studied. 
Each row of the graph represents the spectra of frequen¬ 
cies with which the theoretical optimum sequence can be 
determined to avoid low frequencies, proven to be the 


11 7*k\ r > r i > Tu3 »Kia 11 n i n ft ^ i u 1 K W lunfl 


the result of the superposition of two equal wave trains 
between which exists a time (difference of 40 ms. 

In practice, the milisecond detonators give a dispersion 
(cap scatter) in initiation times, increasing with the higher 
series numbers. For this reason, the computer simulators 
should be more probabilistic than deterministic, and the 
Monte Carlo method can be applied to establish the 
initiation times of each charge by creating aleatory 
numbers and by using the functions of density of the 




Recently, with the development of high precision de¬ 
tonators, the old idea of achieving the superposition or 
destructive interferences of vibrations so that that the 
peaks and valleys of two waves would be nullified, thus 
reducing vibrations, has taken on importance and consti¬ 
tutes a field of investigation that is reaping benefits. 

The use of these electronic accessories, along with 
sequential blasting machines, gives an infinite number of 
combinations. The simulation of the results obtained 
simplifies making the most appropiate choice to reduce 
vibration levels and control frequency. 

Fig. 33.55 gives the results of variation in delay timing, 
with increases of 1 ms, in the superposition of two 
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CHAPTER 34 


Flyrocks and their control 


34.1 INTRODUCTION 

Flyrock, also called rock throw, is the uncontrolled pro- 
pelHngcrfroekfragmentsprcxlucedjnWastingsanci-con- 
stitutes one of the main sources of material damage and 
harm to people. 

The conditions which favor flyrock are as follows: 
Geology 

Intensely fissured and jointed rocks facilitate the appear¬ 
ance of flyrocks more than massive and homogeneous 
rocks. However, as the latter require large quantities of 
energy to obtain a good fragmentation, this type of rock 
usually causes more problems. 

Very careful control should be be observed when blast¬ 
ing in karstied ground with a large number of voids and 
vugs. 

Explosives and their distribution 

The explosives which have a high Bubble Energy (AN- 

FO, for ex.) produce more rock throw than others which 

have a more elevated Strain Energy, such as gelatin 

explosives. 

As to distribution, it has to be made certain that the 
geometric variables of the blast coincide with those of the 
design, especially in the following cases: 

- When the top part of (he bench is broken due to 
excessive subdrilling from the benches above or un¬ 
sufficient stemming to avoid the risk of crater effect, Fig. 
34.21. 

- When the face is very irregular, with areas along the 
length of the explosive column which have very little 
burden. 

Ut eblastd estgn — 

As indicated in other chapters, flyrock control starts with 
a correct blast design. 

In multiple blastings, apart from inspecting the state of 
the face of the round and correctly size the stemming, it is 
fundamental to choose the timing of the stemming be¬ 
tween rows, so as not to have too much confinement in 
the last blastholes which can produce flyrock. 

34.2 MODELS TO CALCULATE THE THROW OF 
FLYROCK 

The empirical models proposed by the Swedish Lunsborg 


and Persson and the American Roth are tools that predict 
the maximum throw of flyrock. 

Below, the most important points of these models are 
cited. 1 

34.2.1 Swedish model 

The Swedish Detonic Research Foundation (1975) devel¬ 
oped a theoretic model that permits the estimation of the 
maximum distance reached by a fragment under opti¬ 
mum conditions. 

From scaled tests, with high speed photography and 
theoretical calculations, the following equations are pro¬ 
posed to determine the initial velocity of throw in the 
blastings where crater effect was produced: 

10 D x 2600 


where: v o = Initial velocity (m/s), D = Diameter of the 
blasthole (Inches), T b = Size of the rock fragments (m), 
p r = Rock density (kg/m 3 ). 

By using the standard equations of ballistic trajectory 
and taking into account that the product v o x T h x p r 
depends upon the di a m ete r ~ ^>f - t he- b la stho le^-t h e-i n a x i - - 
mum throw length was calculated. 

The results obtained are shown in Fig. 34.2, or they can 
be found analytically from: 

L = 260 x D % 

max 

T b = 0.1 x D 2/ s 

In practice of bench blastings, it has been proven that the 
throw lengths are much smaller than when crater effects 
are produced. Therefore, in well designed blasts, the 
throw lengths can be calculated from Fig. 34.3. For 
example, for a specific charge of 0.5 kg/m 3 , the maxi¬ 
mum throw range would be given by: 

i ma * = 40xD 

and if the blastholes were drilled to 102 mm (4"), it would 
be: 

L„ = 160 m 

max 

T b = 0.25 m 

34.2.2 American model 

This model, owed to Roth (1979), is based upon the 
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Photo 34.1. Fly rock during the blasting. 



equation proposed by Gurney to calculate the initial 
velocity of the fragments propelled by an explosive: 

v 0 = >/2 Y x fiqfmj) 


where: v a = Initial velocity, V2 ~E = Gurney’s constant, 
function of the explosive, q l = Concentration of explo¬ 
sive per unit of length, m / = Total mass of material per 
unit of length. 

For the flyrock coming from vertical faces the equation 
has been modified to: 

v Q = V 2E' X q l !m l 


where 32E' is smaller than ^I2E as the direction of deto- 
nation is tangent to the rock. The author suggests taking 
V2 E = VD/3 for many explosives, where VD is the deto¬ 
nation velocity. For ANFO, the value of the radical is 0.44 
D. 

If the energy losses are taken into account, the previous 
equation is transformed into: 


v 1 g = 2xE'x 



x 


k { x E s + K 2 x Ej 
E' 


- 2 K 3 x E r 


where: £ v = Seismic energy generated per unit weight of 
explosive, Ej = Energy to crush a unit weight of rock, 
E r = Energy absorbed to fragment a unit weight of rock, 
AT|, K 2 , K 3 = Proportionality constants. 

The equations of v 2 0 expressed in (m/s) for different 
types of rocks are transformed into: 


Fig. 34.1. C r a tereff e ct s i to t could c ause- fly r ock in bench bla sting? 


Granite _ 

v c 2 = 3,487 x 10 6 (q/m^ - 584 
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Fig. 34.4. Maximum range of vertical face fiyrock from ANFO loaded 
shots in limestone. 



Fig: 34.5. Maximum range of vertical face flyrock from ANFO loaded 
shots in granite. 


Limestones and dolomites 

v 0 = 3x 10 6 (q,/ mi ) - 200 

Going back to the ballistic trajectory formulas, the theo¬ 
retical maximum ranges for a single blasthole can be 
estimated. 

For flyrock coming from a free face, the estimations 
can be based upon the nomographs of the Figs 34.4 and 
34.5. Knowledge of the type of rock, the diameter of the 
blasthole and the type of explosive are a requirement. As 



Fig- 34.6. Maximum range for bench top fiyrock for ANFO loaded 
shots in granite and sandstone. 


these nomographs were determined for ANFO, if water- 
gels are used the distances should be increased by 50 %. 
The burden value should also be corrected if cavities or 
rock loss exist on the free face from previous blastings. 

For flyrock from the bench tops, an empirical approxi¬ 
mation is proposed, based upon the reduced depth hlQ^ 3 , 
where h is the depth of the end of the charge and Q is the 
total quantity of explosive, Fig. 34.6. 

34.3 COVERINGS 

Coverings are all the elements used to cover the blastings 
in order to avoid rock throw or any other material that 
could harm people, buildings etc. 

Generally speaking, any protection system should 
-comply-to4heTollawingcharacteristics:- 

- Reduced weight and high resistance. 

- Ease of union or overlaping of the elements 

- Permeability to gases. 

- Ease in placing and removing. 

- Economical and reusable. 

- Good size to cover large areas, etc. 

According to the type of blast, different coverings will 
be used. 

34.3.1 Ditch blasting and excavation of lots 

When blastings are carried out in small ditches and 
inhabited areas are nearby, a covering of loose sand can 
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be used with thicknesses equal to the stemming height, 
maintaining a minimum of 0.8 to 1 m, Fig. 34.7. 

Owing to the weight of the sand, the explosive charges 
should be slightly larger than in unprotected blastings. 


BACKFILL 



Fig. 34.7. Protection of a ditch blast by means of a sand covering. 




Photo 34.2. Blasting mat. 



Another system consists in overlaping conveyer belts 
and pinning them down to the ground with sandbags, for 
example. At the same time metal screening or mesh, 
nylon nets, or rubber tires that overlap, etc., can be used. 

In lot excavations with explosives, the most common 
system is that of the conveyor belts. These should cover 
the horizontal surface of the round as well as the free 
bench face, Fig. 34.8. 

In all instances it is necessary to make certain that the 
connection circuits are all right before and after the 
coverings have been placed. 


34.3.2 Secondary blastings 

Secondary blastings are a common source of flyrock. In 
xsrderto - control these, besides using-fire"protection 
systems mentioned, it is recommended that the boulders 
be removed to areas where they do not disturb the opera¬ 
tion, and that the blasts be sufficiently closed in by the 
slopes of the exploitation to eliminate part of the noise 
produced by the secondary blast and, at the same time, 
take advantage of the shielding effect of the faces with 
respect to the fragments of flying rock. 


34.3.3 Demolitions 

In demolition work, the blastholes drilled in the exterior 
structural elements should be protected by heavy screens 
made up of hanging conveyor belts. Special pistols are 
used to nail them in place, and underneath the holding 
points there should be sufficient space to allow the gases 
to escape because, if this is not done, the protections 
would be tom down in the first blasting. 

Other types of complementary protections are metallic 
sereens and bales of straw. 

On the other hand, as the lower parts of the structures 
are usually not protected, it is-necessary to close all the 
door and window openings to avoid rock throw from the 
interior. In these operations, heavier materials are used 
such as wooden boards, metal plates, sandbags, etc., 
which should be installed before charging the blastholes 
to eliminate possible damage to the circuit lines of the 
blast. Occasionally, the whole perimeter of the structure 
to be demolished is covered with geotextile sheets which 
act as complementary protection. 

34.3.4 Safety area from which the round is fired 

In any surface operation, during the blasts there is always 
a desired displacement of the muckpile, a normal rock 
throw distance, and a safety area around the blast. The 
size of these zones depends upon the characteristics of the 
blasting, making them vary from blast to blast. However, 
the prediction models can serve as a tool to define these 
three areas, Fig. 34.9. 

The rock throw that falls in the safety area, farther 
away than normal, as well as that that surpasses it should 
be studied in order to establish their origin and the cor¬ 
rective measures to be taken. 


Photo 34.3. Placing of a heavy covering upon a small blast. 















370 


Drilling and blasting of rocks 


BLAST AREA 
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T a i aBiiBL ri Ci 'r nT CTg HHLHiag 


AREA OF NORMAL FLYROGK 


SAFETY AREA OF BLASTS 


Fig. 34.9. Areas around the blasts in function with rock throw. 



Fig. 34.10. Blasting shelter to protect the shot firer. 







Pho to 3 4 . 4 . Marking o ut th ecollaring-po int s in a largc-diameter blast. 


the adequate protection measures, the following recom¬ 
mendations should be followed: 

- Perfect marking out of the drilling patterns, espe¬ 
cially in ground with an irregular profile, Fig. 34.11. 

- Control of the deviations and depths of the blast- 
holes. 

- Burden size for the blastholes of the first rows. 

- Check for vugs in the rock mass. 

- Control of the charging of the explosive and its 
distribution along the length of the blasthole. 

- Careful stemming, measuring its height and using 
the proper material. 

- Selection of an initiation sequence that gives good 
break direction to the blast. 

- Initiation in the bottoms of the holes. 
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CHAPTER 35 


Safety measures for drilling and blasting operations 


35.1 INTRODUCTION 


In order to carry out drilling and blasting under safe 
conditions, the following aspects must be observed; 

1. Comply with the Rules and Regulations that are in 
effect. 

2. Proper technical instruction for the operators, 
blasters and personnel who handle explosives. 

3. Machinery, explosives, accessories and initiation 
systems must be used under safety conditions. 

The drilling superintendent should supervise these 
three conditions as, if not, the risk of accident will 
increase owing to over confidence, distractions, lack of 
knowledge and non-compliance with the safety rules, 
etc. 

In this chapter, a general guide of basic recommenda¬ 
tions is given which obviously should be complemented 
with the existing legislation. 


35.2 BLASTHOLE DRILLING 

35.2.1 General safety measures for blasthole drilling 

Theoperationof-driHing-impHes-foHowing-a-seriesof 
safety measures in order to minimize potential hazards to 
people as well as to material objects. 

Drilling will be carried out according to the existing 
rules or policies, either official or those set by the compa¬ 
ny. 

The operators should have received proper training 
and have studied the instruction book for the machine or 
machines which they are to handle, Fig. 35.1. 

The members of the drill crew should be given gar- 
ments which provide adequate protection (helmets, 
boots, gloves, glasses, masks, etc.), and use clothing and 
accessories that are not loose so as to avoid their catching 
on the moving parts of the machine. 

The personal protection objects and those for the 
machine should be in good condition; if not, do not 
commence drilling. 

The protection systems for the machine should not be 
disconnected, in order to avoid damage to itself or to 
people. 

The starting and manuevering controls should be pro¬ 
tected so as to avoid manipulation by other people, which 
could constitute a risk. 

The compressor on the rig should be equipped with a 


fire extinguisher and a first aid kit, which the operators 
must know how to use. _ 

If the work conditions are poor or dangerous, the 
equipment should not be used. 

Place warnings on the control pannel to advise of these 
conditions. 

There should be signs that are well visible advocating 
the necessity of personal protection, Fig. 35.2. 

35.2.2 Safety precautions before starting equipment 

The crew members should be prepared to assume 
possible risks and have the means to confront them, as 
well as knowing where to look for help. 

The driller should check the whole rig, even if every¬ 
thing was working correctly in the previous shift. 

The drill crew should inspect the premises where they 
are going to work, its potential limitations, as well as the 
accesses to the area. 

The pressurized hoses will be securely anchored, 
especially the main hose, which should have an addi¬ 
tional safety cable at the connection point. 

The threads and connection elements must be correcdy 
tightened. 

—eheck-alhfiuicHevelsr oiling- pointsand-deanliness of 
the machine according to the manufacturer’s instructions, 
and make certain that all tools and equipment are in 
proper places and in good condition. 

Possible fuel and other fluid losses must be watched, 
and the deposits will be purged according to the service 
instructions. 


35.2.3 Safety measures during starting 

When starting the machine, the following precautions 
should be observed: 

- Make certain that unnecessary personnel are not on 
the rig or in the surroundings. 

- Check to see that all controls are in the correct 
position. 

- Inspect any possible warning signs or instructions 
on the rig. 

- Start the drill by authorized operator, from the pro¬ 
per position and in the open air or with good ventilation. 

- Never leave the rig when it is running. 
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Fig. 35.1. Safety garments for personal safety. 


35.2.4 Safety measures after starting 

Check proper functioning of all controls. Pay attention to 
any unusual noises. 

35.2.5 Safety measures for surface movements 
of the rig 

Before moving the equipment, the following should be 
checked out: 

Make certain that the ground is in good condition for 
safe moving. If not, it must be prepared with the available 
auxiliary equipment such as tractors, shovels, etc. 

The existance of elevated, surface or underground 





Fig. 35.2. Signs that warn of the obligation to use safety material. 


A TO 

— 

Fig. 35.3. Danger of contact with power lines. 



distance of 10 m from any electrical line. Fig. 35.3. _ 

See if there are any underground pipelines, for gas or 
water, or telephone lines, in the way. 

Stability of the slopes near the work area. 

Slopes of the cuts where the rig is working. If necess¬ 
ary, the machines can be tied with cables and wenches. 

The drilling accessories, especially drill pipes, must be 
immobilized. 

The feed or drill mast must be put down when moving, 
35.4. 

When moving, the operator occupies the driver’s seat 
designated by the manufacturer. No other person will be 
authorized on the rig or between the compressor and rig 
when it is being towed, 35.5. 

The rig will not move over previously drilled areas. 

The slopes encountered during movement must be 
within the limitations set by the manufacturer. 

When the translation chains, hammer advance chain 
and drill pipe chain are in movement, the operators 
should remain at a safe distance. 

When working with auxiliary electric equipment, a 
helper is needed for maneuvering between blastholes. He 
“must control the cables, avoid passing over drilled holes, 
help direct the machine so that it won’t go near the edges 
of the slopes and make certain that the hydraulic jacks are 
out of the way. 


• -V > 





Photo 35.1. Drill equipment with compressor. 




Fig. 35.4. Incorrect position of the mast when in movement. 
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35.2.6 Safety measures when working underground 

Be sure that the roof of the drift is in good condition and, 
if not, take steps to make it safe, apart from using proc- 
tective cabins on the rig, Fig. 35.6. 

Make certain that there is sufficient ventilation for 
work at the far end of the drift, considering that each 
miner requires 40 liters per second and 180 liters per 
horsepower and second when working with diesel equip¬ 
ment. 

The floor over which the traffic will flow must be 
cleaned of debris and other materials. 

Check the electric lines, compressed air and water 
pipes, and make certain that they a properly anchored to 

t he w alls in acce ss ways. - 

_ The work area must be properly illuminated. _ 

Grounding must be available, conbined with cut-off 
devices and alarms in the electric machinery. 

The waste water drains must be kept clean and all water 
removed from the work zone. 

All necessary work utensils must be kept in order and 
in their proper place. 

The bottom of the blastholes that are unservable must 
be visibly indicated and no other hole drilled within a 
distance of 20 cm. Never use blasthole bottoms as collar¬ 
ing points. 


35.2.7 Safety precautions during drilling 

When the rig is being placed, the ground irregularities or 
unstableness must be taken into account, or the presence 
of underground work or pipelines. Make certain that the 
necessary rock mass for protection exists in accordance 
with the static and dynamic characteristics of the 
machine, Fig. 35.7. 

In steep ground, when working with portable com¬ 
pressors they must be kept in a safe place. 

Unce the rig has been leveled and immobilized, the 
mast or drill tower can be positioned, slowly and paying 
attention to any obstruction that'could exist. 

Any maneuver that is potentially unsafe will require 
the aid of a helper who should be in visual contact with 
the operator. 



Fig. 35.5. Proper position of the operators during transport of the drill 
rigs. 



Fig. 35.6. Checking wall and roof conditions. 


The drilling site should have appropriate conditions of 
visibility, as much for the operators as for other crew 
members. 

Never collar upon bottoms of old blastholes. Don’t use 
the lifting and lowering mechanisms of the rock drill for 
any other purpose than intended. 

In the machines that have automatic rod or drill pipe 
changers, the operator should frequently check the 
mechanisms that make the drilling accessories run and 
stop. 

When changing the drill pipes, attention should be paid 
to the drilling accessories (shanks, coupling sleeves, etc.) 
which could be poorly connected. 

The drilling accessories must always be in good condi¬ 
tion. The pieces which appear worn could affect the 
safety of the operation and should be thrown away. 

The drilling accessories should be stored in adequate 
places, protected from dust and blows. Never hit metal 
against metal without eye protection, Fig. 35.8. 

During drilling, the machine must have all its control 
levers, protections and guard plates in perfect condition. 

When drilling, write down the numbers indicated on 
the controls and also note in the report any incidents 
-which mightarise.- 

The crew members should never go under the rotary 
drills when the jacks are lifted, unless fixed stops have 
been placed. 

When a drill pipe is taken out of the carousel, make 
certain that it is correctly directed. 

When drilling blastholes, check the descent of the 
rotary head or percussion hammer. 

Operators should always remain away from moving 
parts of the drill, such as hammer chainfeeds, cables, 

from correct positions. 

The drill steel, couplings, bits, etc., that have just been 
used should not be touched with bare hands as there is 
risk of bums. 

When heavy accessories are lifted or handled, the 
following precautions should be taken: 

Keep legs open, placing a foot on each side of the object. 
Bend the knees and squat down, keeping the head erect. 
Grab the object with die whole hand, embracing it with 
the arms. Keep weight on both feet, lifting the object with 
the back muscles of the legs. Fig. 35.9. 

When placing the object, don’t turn the body and keep 
it close to where the object is to be deposited. 
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Fig. 35.7. Never work with the equipment when it is unstable or in a 
precarious position. 



Fig. 35.8. Never strike metal objects against each other without eye 
protection. 


Fig. 35.9. Every precaution should be taken when lifting heavy ob¬ 
jects. 


35.2.8 Safety measures after drilling 

Never leave the machine with the motor still running. 

The procedure to stop the machine should be carried 
out according to the manufacturer’s instructions. 

Never park the machine in areas that could become 
flooded, or where it could be reached by flyrock. Fig. 
35.10. 

If there is any circumstance that could affect the use of 
the rig, a warning note should be left on the ignition 
controls before leaving the machine. 

Try to avoid parking on a slope. If necessary, use the 
prescribed braking apparatus and place proper wedging. 

Before leaving the rig, release pressure from all cir- 
cuits . leav e controls on off and park position s, using the 
existing brakes and taking away the keys, if they exist. 


35.2.9 Safety precautions in maintenance and service 

The personnel which is to handle the maintenance, repair 
and service operations will be designated by the Compa¬ 
ny. 

The service instructions specified by the manufacturer 
in its Service and Maintenance Manual will be strictly 
followed at all times. 

During maintenance and repair, the rock drill must be 
perfectly braked and immovilized so that it can not move 
unexpectedly. 

The starting controls should be blocked and marked so 
that only authorized persons can use them. 

Any operations that imply movement of the drill feed 
or mast must be carried out with the driller in the control 
cabin, and any other person nearby must place himself 
behind the machine. 

Servicing of the motor compressor batteries implies 
potential risks of burning by the sulphuric acid, and fires 
and/or explosions, as they produce hydrogen and oxy- 
gen. __ 

The personnel attending to the batteries must always 
wear safety glasses, gloves and clothing that is acid 
resistant, Fig. 35.11. 

When changing a battery, the ground terminal will be 
the first to be disconnected and the last to be connected. 

The electrolyte level should be checked frequently and 
when necessary add distilled water, always before start¬ 
ing the motor, never after stopping. A correct level means 
lower volume of gases inside the battery. 

Ne.vernsea- flame to check the level of a battery, always 
use a flashlight or portable lamp. 

When charging the batteries, leave the caps off the 
deposits. The terminals from the charging aparatus 
should be applied and removed with the switch turned 
off. 

Never smoke near batteries or when working with 
them. 

No crew member is allowed to climb up the drill tower 
unless it is a case of extreme necessity. If this case arrises, 
a safety belt that is attached to the tower must be worn. 

Hands, arms and the rest of the body, as well as work 
clothes, must be kept away from any moving part of the 
rock drill or compressor (chains, pulleys, drill, etc.). 
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Do not open any deposit, water or oil hose when the rig 
is working, or if they are pressurized. 

Check the state of the safety valves at least once a 
week. They should be in perfect working condition. 

Never repair safety valves of the pressurized circuits. 
Always replace with new ones. 

Never go above the pressure recommended by the 
manufacturer for any pressurized equipment. 

Do not use air hoses with pressures over 0.2 MPa for 
cleaning filters, work clothes, dust, etc. When necessary, 
use protective glasses, Fig. 35.12. 

Refuelling must be carried out with the motors off and 
in perfectly ventilated areas. 

Avoid spilling fuel on surfaces th at are at hi gher than 
environmental temperatures. The refuelling hoses should 
have appropriate nozzels. 

When fuel is spilled, before starting the engine clean 
all affected surfaces. 

Smoking is forbidden in a radius of at least 10 m from 
the refuelling point, as well as any flames, incandescent 
materials or anything that can produce sparks, Fig. 35.13. 

Have fire extinguishers available at the refuelling point 
for type B fires (grease, gasoline, dissolvents, paint, 
etc.). 

Avoid completely filling the fuel tanks as their volume 
can vary with the temperature. 

When checking the level of the cooling liquid in the 
motor compressor, the engine must be off and the radiator 
at environmental temperature. 


35.3 BLASTINGS 

Before indicating the recommendations for the different 
stages of blasting, it must be stated that, except in under¬ 
water blasts, it is expressly forbidden to charge blast- 
J wle s^d uring - driil i ng ^ There co u ld - be - accidental detona- 
tion through contact with the drilling tools and equip¬ 
ment. ■, 


Make certain that the magazine is clean, dry, well 
ventilated, reasonably cool, of solid construction, fire 
resistant, and securely locked. 

Always use or give out the oldest products first or, 
which is the same, in the order that they entered the 
magazine. 

Store the products of the same type and class in such a 
manner that their identification is simple. This entails 
their revision and age control. 

Take special precautions with defective boxes or bro¬ 
ken wrappings. Place them in a separate area of the 
magazine. 

Place the magazines in isolated and strategic locations, 
in accordance with the distances set by the regulations in 
force. 

Consult with the manufacturer as to cleaning proceda^ 
res when any liquid substance of deteriorated explosives 
has spilled on the magazine floor. 

If artificial illumination is necessary, use safety lamps. 

Immediately repair any leaks that might appear from 
walls or roof. 

Never open or rewrap the boxes of explosives inside 
the magazine. 

Do not leave loose explosives or open boxes inside the 
magazine. 

Never store blasting caps or other initiation accessories 
in the same magazine. 

Do not store detonating cord in the same place as the 
electric blasting caps. 

Do not store metal objects that could produce sparks in 
the magazine. 

Never store oils, gasolines or dissolvents in the same 
area. 

Matches or lighters are strictly forbidden inside or near 
the magazine. 

Place clearly visible warning signs around the installa- 
tions and when transporting expl os iv e s ^- Fig. 35.1 4 . - 

35.3.2 Precautions when transporting explosives inside 
the working area 


35.3.1 Measures to be taken when storing explosives 

Always store explosives in powder magazines that 
fulfill the acting rules and regulations. 


Photo 35.2. Surface powder magazine with natural protection. 


Strictly obey the conditions established by the Regula¬ 
tions in force. 

Make certain that any vehicle assigned to the transport 
of explosives complies with the stipulated regulations. 
Check the running condition of the vehicle to see if 


out and have canvas on hand to cover the explosives if it 
rains. 

Carry fire extinguishers on the vehicles, properly 
placed and in easy access. The knowledge of their use is 
obligatory for drivers and helpers. 

The engine of the vehicle must always be turned off 
when loading and unloading explosives. 

Check the floor of the vehicle to be certain that there 
are no cracks or holes. 

Always load and unload the vehicles during daylight 
hours and never when there are electric, sand or snow 
storms. 

When loading and unloading explosives, only autho- 




Photo 35.3. Flexible measuring tape to control charge height and 
blasthole depth. 


rized personnel are allowed to remain in the area, prohi¬ 
biting any other activity within a radius of 50 m. 

Never transport metal, fuel or corrosive materials with 
explosives. 

Smoking is strictly forbidden for anyone in or near the 
vehicle. 

Do not allow the boxes of explosives to be opened 
when still in the vehicle or in the unloading area until this 
operation is finished. 

Never transport blasting accessories with explosives. 
Detonating cord is considered an industrial explosive. 

Always transport the explosives in their original 

Name a person to be responsable for the movement and 
dispatch of explosives and blasting accessories. 

When unloading, explosives, blasting caps, detonating 
fuses, etc. should be handled with extreme care and never 
be dropped or receive blows, Fig. 35.15. 

Distribute the explosives to be used in the blast in order 
to avoid leaving large amounts piled up. 

Always use routes with the least traffic of personnel, as 
well as of other machinery. 

Place the blasting caps far away from the charging 
zone. 

Supervise unloading of explosives until they are 
placed in the blastholes and the round connected. 


Fig. 35.11. When handling batteries, all pertinent precautions must be 
taken. 


Fig. 35.12. Never use compressed air to clean work clothes. 


35.3.3 Precautions in the blasting area 

Clean the blast area, removing loose rocks, bushes, 
metals and other materials. 

Mark the blasting area limits with sticks or brightly 
colored flags and prevent the passing of any machinery 
over it. Fig. 35.16. 

When changing shifts, inform the operation personnel 
of the blasts to be carried out that day. 

Prevent access of anyone not directly involved with the 
handling of explosives to the marked zone and its proxi¬ 
mities. 


Fig. 35.10. Avoid parking rigs near the walls. 
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Reduce the number of charging crew members to a 
minimum and name a person to be in charge and a 
supervisor. 

Correctly mark the location of all blastholes. 


35.3.4 Measures to be taken when preparing the primer 
cartridge 

Prepare the primers according to the methods recom¬ 
mended by the manufacturers of explosives and check 
that the initiator is well placed inside the cartridge. 

Be certain that during charging there is no tension in 
the detonator cables or in the detonating cord and in the 
points of union. _ 

Insert the detonators inside a hole made in the primer 
cartridges with a special tooTcalied a pricker, whiclrcan 
be of wood, copper, bronze or any metal alloy that does 
not produce sparks. 

The primers should not be prepared much in advance 
nor in greater quantity than what is to be used immedia¬ 
tely. This operation should not be carried out in the 
magazine nor near explosives. 



Fig. 35.13. Smoking is forbidden during refuelling. 



Photo 35.4. Fastening the detonating cord during charging. 



Fig. 35.14. Warning sign for explosives. 


35.3.5 Precautions when charging blastholes 

Examine each blasthole carefully before charging to 
know its length and condition, using a wooden rod, a 
scraper or even a measuring tape, Photo 35.3. 

Always forsee therpossibility of danger fruin static- 
electricity when using an pneumatic charger and take all 
necessary precautions such as connecting a ground line. 
Remember that relatively low humidity in the atmos¬ 
phere increases the risk of static electricity. 

Cut the necessary detonating cord from the reel once it 
has been inserted in the blasthole and before inserting the 
rest of the explosive charge, Fig. 35.17. 

Prevent the personnel dedicated to charging from ex¬ 
posing part of their body over the blasthole that is being 
charged or from placing themselves in its same direc¬ 
tion. 

Wrap the end of the detonating cord around a wooden 
stick or rock to keep it from falling inside the blastholes, 
Fig. 35.18 and Photo 35.4. 

Waterproof the ends of the cord in blastholes with 
water. 

Check the rising of the bulk explosives and take the 
necessary precautions in case of holes or cavities in the 
blastholes which could have been detected during drilling 
or even when charging, Fig. 35.19. 

— N e ver l e av e surplus explosive in th e wor le a f e a- d u rin g- 
and after charging the holes. 

Do not charge the holes right after drilling without first 
checking to see if they are clean and free of metal pieces 
or leftover hot accessories. 

Do not deform, mistreat or let the primer drop into the 
blastholes. Never let any heave weight fall on them, Fig. 
35.20. 

Never recharge holes that have already been charged 
and fired before. 


35.3.6 Precautions when tamping 

Confine the explosives in the holes with sand, earth, or 
any other appropriate incombustible material. 

Do not use any type of metal tamping tools. Always 
use wooden tools or others of adequate material, without 
metal parts except for the special connectors in articu¬ 
lated tamping rods that are made of a metal that does not 
give off sparks. Photo 35.5. 

Stem with care so as not to harm the initiating accesso¬ 
ries, detonating cord, etc., and make certain that they 
have no knots or kinks. 

Never directly tamp the primer cartridges. 
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Fig7~35. rSrTMoading explosives and blasting aecessories-shotrld-be- 
carried out with great caution to avoid blows. 


T 




JS lg — 35 . 16 . Preve n t the passing of machinery over the area of the blast 
from the moment the preparations are started 



Fig. 35.17. Introduction of the primer with detonating cord in the 
blastholes. 





Fig. 35.18. Wrapping of the end of the detonating cord to keep it from 
falling inside the hole. 


Make certain that the stemming material contains no 
rocks or other objects. 

In blastholes with presence of water make certain that 
the stemmings have not descended before connecting the 
circuits. If so, correct them. 


35.3.7 Measures to be taken when blasting with electric 
blasting caps 

Keep the electric blasting cap wires or conductors short 
circuited and never connect one cap to another until ready 
to fire. 

Check all the blasting caps, one by one or connected in 
s eries with the proper blasting ohmmeter designed for 
this purpose. If checked individually, place yourself in a 
safe area and introduce the cap in a protective tube, Fig. 
35.22. 

Never throw the wires in the air to straighten them nor 
tense them. 

Never unroll the leg wires or use the electric caps 
during a storm or near any source of static electricity or 
unusual currents. 

Never use the caps nor unroll their leg wires near radio 
transmitters or television stations, electric lines, etc., 
unless at a safe distance and complying with the regula¬ 
tions in force. 

Do not place cables or electric lines near the blasting 
caps, nor any other explosive until the moment of firing 
the shot and only for this purpose. 



Photo 35.5. Tamping blastholes. 
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Fig. 35.19. Check the rising level of the explosive when charging. 


Take away all surplus explosive from the shot area 
before the placing or connecting of the caps by the 
shotfirers. 

Push a copper rod into the ground close to the shot 
before any connecting is done. This is for the discharge of 
static electricity that could be on the personnel who 
handle the caps. 

Prevent the passing of machinery and the laying out of 
cables that provide power for them anywhere near the 
shot area. 

Check to make certain that the ends of the leg wires are 
absolutely clean before making any electric connection. 

Carry out the connections as quickly as possible and in 
one operation, preparing in advance all necessary items. 



Once the connection has been done, protect the ends of 
the wires by completely isolating them so as to avoid any 
contact with the ground, Fig. 35.23. 

Never use blasting caps of different sensitivities on the 
same circuit. 

Avoid proximity of the firing line to other power lines, 
as well as contact with metal elements, Fig. 35.24. 

Before connecting, check the isolation of the firing line 
and the uniting points of the blasting caps. Use quick 
connectors for the latter when necessary. 

Do not connect the firing line to the blasting machine 
-u ntil ready to fi r e t h e- bl a st a nd k ee p i t sh ortx i rc uit e d.- 


Fig. 35.20. Never let the pnmcrc a rtn dge drop into the blastholes. 



NO i 

Fig. 35.21. Avoid rocks in the stemming material. 


Never try to fire a blast with a higher number of caps 
than recommended by the manufacturer of the blasting 
machine. 

Check and revise the blasting machine periodically as 
well as the checking equipment. 

In the case of cap misfire, never try to open or dismount 
it. 


35.3.8 Precautions to take when firing with fuse 


detonators and safety fuse initiation 




Fig. 35.23. Isolate the connections from the ground. 


Blast as little as possible with fuses and reduce the 
number of blasthole in each round. 

Handle the fuse with care to avoid damaging the cov¬ 
ering. 

Light the fuse with a fuse lighter designed for this 
purpose. 

Always work with fuses of more than a meter and a 
half in length. The burning time must be known and make 
certain that there is time to reach a safe - place after 
lighting. A test fuse can be used for this information. 

Cut the fuse when ready to insert it into the fuse 
detonator. Cut an inch or two off to insure a dry end. 

Cut the fuse squarely across with a fuse cutter designed 
for this purpose and insert it gently against the powder 
charge of the detonator. Once placed, avoid twisting it. 

Crimp the end of the fuse detonator with a cap crimper 
where the fuse enters. Make certain that the detonator is 
securely crimped to the fuse to avoid its breaking loose or 
getting wet. 

Never light the safety fuse without covering the 
explosive sufficiently to prevent sparks from coming into 
contact with it. 
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Never have explosives in your hand when lighting the 
safety fuse. 

Before returning to the cut, count the number of holes 
that have exploded and wait a half hour if there has been a 
misfire. 


35.3.9 Safety measures before and after the blast 

Make certain that all surplus explosives are in a safe place 
and that all persons and vehicles are at a safe distance and 
well protected. 

Prevent access to the blast area with adequate person¬ 
nel and means, Fig. 35.25. 

—Never, fire the shot without a signal o f authorization 
from the person in charge and without having given 
adequate warning. 

Shoot from safe places such as behind protective blast¬ 
ing shelters, loader shovels, etc. 

Never go back to the blast area until all smoke and 
gases have dissipated. 

Do not investigate a misfire too soon. Follow the 
regulations and local laws set for this purpose or, if none 
are available, wait a prudent time. 

In case of misfire, do not drill or otherwise handle an 
explosive charge without instructions from a competent 
and experienced person and who expressely is authorized 
to solve this type of problem. 

Organize all work so that the blasts coincide with the 
moments when least personnel is present, and try to 
always use the same time of day. 


35.3.10 Safety precautions with misfires 

Place warning signs on misfired blastholes. 

The situation must be corrected before recommencing 
drilling in proximate areas. 

—If the rou nd was electric and t heo ir cuit t s ~ vis i b ier ch e cl r 
to see if it is continuous from a safe distance and fire it if 
all is correct, take extra precautions for possible flyrock. 

In case of priming with detonating cord, try to remove 
the stemming material and place a primer cartridge next 
to the explosive for its destruction. Stem the round with 
sand or a fine granular material. 

If the explosive cannot be reached, drill a new hole at a 



Fig. 35.24. Recommended initiation system when firing blasts in areas 
that are very close to power lines. 




Fig. 35.25. Control all accesses to the blast area. 


distance of over 10 D, when the local laws and regula¬ 
tions in force permit. 

Always use highly specialized personnel for the task of 
neutralizing and eliminating explosives that have not 
detonated. 


35.3.11 Safety measures with secondary blasting 

Check to see if cracks or fissures are visible on the surface 
of the boulders. 

Place the boulders in an area where there is a shielding 
effect against airblast; for example, at the bottom of a 
stable wall. 

Always try to use the blasthole method because the 
- syst e nrof - patch exptosiv e s - or - p l as t er shooting - pr e du ee 
higher levels of airblast and noise. 


35.3.12 Measures to be taken when discarding 
explosives 

You should be aware that deteriorated or damaged ex¬ 
plosives may be more dangerous than those in good 
condition. 

Always destroy or discard explosives in compliance 
with the approved methods: by combustion, explosioir 
and by chemical destruction. Maintain the prescribed 
distance. 

When destroying by explosion, it is recommended that 
this be done inside a blasthole, under sand or water, 
because if it is carried out in the open the airblast and 
noise would be extremely high. Initiation should be elec¬ 
tric with proper primers. 

When combustion is used, the amount of explosive per 
round should not go over 15 kg. To the contrary, it should 
be carried out in various locations. 

Never bum explosives in their original packing bags or 
boxes. Once extended over a surface, they can be sprayed 
with gasoline to favor combustion. 
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When various combustion operations are carried out, 
each one should be done in a different location. 

Never allow paper, carton of other materials used to 
pack explosives to be burned in fireplaces, heaters or 
other closed places, nor used for other purposes. Place 
them in thin layers in an appropriate area and in the open 
air, and when burning, a distance of at least 30 m must be 
kept. 

The chemical destruction, which is one of the methods 
used for blasting agents, especially ANFO, is carried out 
by dissolving the nitrates in water. In these cases, precau¬ 
tions must be taken to control contamination. 

When discarding detonating cord, the best procedure 
consists of laying it out in straight lines in a bed of dry fire 
wood or straw, wetting it with gasoline or fuel oil, as with 

reel. 

The electric detonators and milisecond delay caps are 
destroyed, if in large quantities, confined in a cavity or 
hole in the ground with the help of some explosive or by 
wrapping detonating cord several times around the bunch 
of accessories. 


REFERENCES 

Anonimo: Normas y Sistemas de Seguridad en los Tuneles. Noticias 
Perfosa, no 2, Revista Minera, Febrero, 1987. 

Atlas Powder CO.: Electrical Hook-Ups Surface Blasting. 

B.O.E.: Instrucciones Tecnicas Complementary. 11 de Abril de 
1986. 

Encasur: Medidas de Seguridad. Perforaciony Voladura. 1982. 
Estudios y Proyectos Mineros: Manual de Seguridad en Minerfa a 
Cielo Abierto. 1TGE, 1991. 

EXSA: Siempre-Nunca lo que Vd. Debe Saber al Usar Explosivos. 
Peru, 1985. 

Gadner-Denver: Drilling with your Gardner-Denver Rotary Rig. 
Ingersoll-Rand: Safety Manual. 

Langa, E.: Precauciones en la Perforacion y Cargo de Explosivos. 
Normas de Seguridad en el Uso y Manejo de Explosivos. INSHT, 

- Oc t u b re, 1 9 84.- 

Pavetto, C.S.: Surface mine blasting - A program guide for cer- 
tification. McGraw HiTlTlnc., 1986. 

Union Espanola de Explosivos, S.A.: Transpose de Explosivos por 
Carretera. 

Union Espanola de Explosivos, S.A.: Prescripciones que se han de 
Poner en Practica en los Supuestos de Rotura o Deterioro de 
Envases y Embalajes. 

Union Espanola de Explosivos, S.A.: Destruccion de Explosivos In¬ 
dustrials. 



Conversion factors 


Length 

-mm-(miHimetros)- 

-X.0.001_ 

= m_ 

Mass (weight) 
_g (grammes) 

X 0.001 

= kg 


cm (centimetres) 

X 0.01 

= m 

((tonnes, metric) 

X 1000 

= kg 


dm (decimetres) 

X0.1 

= m 

grains 

X 0.0648 

=-g 


km (kilometres) 

X 1000 

= m 

oz(ounce) 

X 28.35 

= g 


in (inches) 

X 25.4 

= mm 

lb(pounds) 

X 0.4536 

= kg 


ft (feet) 

X 0.305 

= m 

tons (long, US) 

X 1016 

= kg 


yd (yard) 

X 0.914 

= m 

tons (U.K.) 

X 1016 

= kg 


miles 

X 1609 

= m 

tons (short) 

X 907 

= kg 


Power 



Speed 




kW (kilowatts) 

X 1000 

= W 

km/h (kilometres/hour) 

X 0.2777 

= m/s 
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X 735.5 

= w 

m/s 

X 3.6 

= km/h 


Horsepower, U.K. 

X 745.7 

= w 

mph (miles/hour) 

X 0.45 

= m/s 


ft.lbf/sec 

X 1.36 

= w 

mph 

X 1.61 

= km/h 


Btu/h 

X 0.29 

= w 
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X 0.3048 

= m/s 
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= Hz 
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- V — - 

= ml 
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X 0.01667 
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—— r/min- 


in 3 (cubic inches) 

a io.oy 

— ml 
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- a U. 100/ - 



ft 3 (cubic feet) 

X 28.316 

= 1 
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X 0.1592 

= r/s 


Imperial gallon 

X 4.546 

= 1 





U.S. gallon 

X 3.785 
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X 28.41 

= ml 

Pressure 




Ounces (U.S.fluid oz) 

X 29.57 

— ml 
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X 100 000 

= Pa 


Quarts (U.S. liq.) 
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= 1 
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yd 3 (cubic yards) 
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= m 3 
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General information, weight of materials 



Weight" of materials 

bank 

lb/cuyd/kg/m 3 

swell in % 

swell factor 

loose 

lb/cuyd/kg/m 3 



Basalt 

5000/2970 

52 

0.66 

3300/1960 




3200/1900 

33 

0.75 

2400/1420 



Carnotlte, uranium ore 

3700/2200 

35 

0.74 

2750/1630 


Cinders 

1450/ 860 

54 

0.65 

950/ 560 


Clay — natural bed 

3400/2020 

22 

0.82 

2800/1660 


dry 

3100/1840 

24 

0.80 

2500/1480 

wet 

3500/2080 

24 

0.80 

2800/1660 

Clay with gravel — dry 

2800/1660 

17 

0.86 

2400/1420 

wet 


19 

0.84 

2600/1540 

Coal — anthracite, raw 


35 

0.74 

2000/1190 

washed 


35 

0.74 

1850/1100 

ash, bituminous coal 

1000-1500/590-890 

8 

0.93 

900-1100/550-830 

bituminous coal, raw 

2150/1280 

35 

0.74 

1600/ 950 

washed 


35 

0.74 

1400/ 830 

Decomposed rock 75% rock, 25% earth 

4700/2790 

42 

0.70 

3300/1960 

50% rock, 50% earth 

3850/2280 

33 

0.75 

2900/1720 

25% rock, 75% earth 

3300/1960 

24 

0.80 

2650/1570 

Earth — dry packed 

3200/1900 

26 

0.79 

2550/1510 

wet excavated 

3400/2020 

26 

0.79 

2700/1600 

loam 

2600/1540 

23 

0.81 

2100/1250 


Granite — broken 

4600/2730 

64 

0.61 

2800/1660 


Gravel — pitrun 

3650/2170 

12 

USER' 

3260/1930 

dry 

2850/1690 

12 


2550/1510 

dry 6-50 mm (7,"-2") 

3200/1900 

12 

0.89 

2850/1690 

wet 6-50 mm (7,"-2") 

3800/2260 

12 

0.89 

3400/2020 

Gypsum — broken 

5350/3170 

75 

0.57 

3050/1810 

crushed 

4700/2790 

75 

0.57 

2700/1600 

Hematite, iron ore 

4700-6400/2130-2900 

18 

0.85 

4000-5400/1810-2450 



Limestone — broken 

4400/2610 

69 

0.59 

2600/1540 


crushed 




2600/1540 


Magnetite, iron ore 

5500/3260 

17 

0.86 

4700/2790 


Pyrite, iron ore 

5100/3030 

18 

0.85 

4350/2580 


Sand — dry, loose 

2700/1600 

12 

0.89 

2400/1420 


damp 

3200/1900 

12 

0.89 

2850/1690 


wet 

3500/2080 

13 

0.88 

3100/1840 


Sand with clay - loose 

3400/2020 

26 

0.79 

2700/1600 


compacted 




4050/2400 


Sand with gravel-dry 

3250/1930 

12 

0.89 

2900/1720 
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wet 

3750/2230 

10 

0.91 

3400/2020 

Sandstone 

4250/2520 

67 

0.60 

2550/1510 

Shale 

2800/1660 

33 

0.75 

2100/1250 

Slag - broken 

4950/2940 

68 

0.59 

2950/1750 

Snow — dry 




220/ 130 

wet 




860/ 520 

Stone-crushed 

4500/2670 

67 

0.60 

2700/1600 

Top soil 

2300/1370 

44 

0.69 

1600/ 950 

Trap rock — broken 

4400/2610 

49 

0.67 

2950/1750 


■' Varies with moisture content, grain size, degree of compaction, etc. 
Tests must be made to determine exact material characteristics. 
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Abutment height : Distance from tunnel floor to point where side wall 
joins roof. 

-Advance, per r ound'.Length excavated per round in tunnels, shafts, etc. 

AtVWasrtOverpressure of air produced during a blast. 

Amplitude'. Maximum displacement of a paiticle duiing ground vibra- 

tion. 

Anchor bolt: Metal piece of anchorage for reinforcing rock. 

ANFO: Blasting agent in powder form consisting of Ammonium 
Nitrate and fuel oil. 

ANFO PS: Mixture of ANFO with expanded polystyrene beads. 

Axial priming: System of initiation for an explosive charge by means of 
a detonating cord placed lengthwise along the charge. 

Bench blasting: Type of blast that is carried out with one or two free 
faces on a bench using vertical or horizontal blastholes. 

Bench: A basic unit of operation consisting in a rock shelf with a 
vertical plane or face, and a horizontal plane or work platform. 

Black powder: Compound or mixture of saltpeter, sulphur and carbon 
which ignites abruptly at a certain temperature, giving off a large 
quantity of gases. 

Blast, blasting: Fragmentation of rock or other solids by means of 
explosives confined in blastholes or placed against their surface. 

Blaster, shotfirer. A person who is qualified for charging and supervis¬ 
ing blasts. 

Blasthole pressure: Pressure exerted by hot detonation gases against 
the blasthole walls. 

Blasthole, borehole: Cylindrical opening drilled in rock for lodging 
explosives. 

Blasting circuit: Electrical circuit used to initiate one or more de¬ 
tonators. 

Blasting machine: Equipment used to energize electric blasting caps or 
- o t h e r s p e cial on e s. 


Blasting agent: A mixture of combustible and oxidizing substances 
that are not of an intrinsically explosive nature by themselves. 

Bottom charge: Explosive, normally'of high strength, placed at the 
bottom of a blasthole. 

Boulder: Rock fragment which is too large to be handled by the loading 
equipment. 

Bubble energy: Energy of the gases produced by an explosion. It is 
usually measured in underwater tests. 

Burden: Distance from blasthole to free face of the rock, measured 
perpendicularly to the axis of the hole. 

Cartridge: Explosive cartridge in cylindrical form. 


Centralizer. Drilling accessory used to make the drill string rotate on 
the same axis in order to reduce deviation. 

Column charge: An explosive placed between the stemming and the 
bottom charge. 

Collaring: Point on the surface where the blasthole drilling begins. 

Charge concentration: Quantity or weight of explosive per lineal 
meter of blasthole for a given diameter. Also expressed per unit of 
area in contour blasts. 

Confinement: Degree of burial of an explosive charge inside the rock. 

Connector: Blasting accessory used to unite the detonating cords or 
wires of the electric blasting caps. 

Contour, perimeter. The final profile or surface planned in an excava¬ 
tion. 

Controlled blasting: Blasting technique used to control overbreak and 
produce a competent slope. It can be presplitting, smooth blasting, 
cushin blasting, etc. 


Coupling: Metal piece which joins the drill rods. 

Crater : Cone shaped hole made in the rock by an explosive charge 
placed inside. _ 

Critical diameter. Diameter below which a stable detonation of an 
-explosrvexhargewifl-noHake-plaee.- 

Crown pillar. Upper part of ore chamber being exploited and below the 
drilling level. 

Cushion blasting: Shot fired after the main blast using decoupled 
charges with little spacing in order to produce competent slopes. 

Cut: Section opened in the rock to create a free face in blasts of great 
confinement, such as in tunnels. 

Cutoffs: Part of charged blasthole is cut off by detonation of adjacent 
hole with lower delay number. 

Cuttings: Particles or chips of rock produced when drilling a blasthole. 

Charge weight per delay: The sum of the explosive charges considered 
to detonate in an interval of under 8 seconds within a blast. 

Dead pressure: Pressure which causes the achieved density of an 
explosive to loose its sensitivity for detonation. 

Deck charge: A charge made up of bulk explosive, cartridges or 
fractions of either, separated by inert material or air. The initiation 
can be instantaneous or delayed. 

Decoupling: Separation between the surface of an explosive charge 
and the blasthole wall where it is lodged. 

Deflagration: Rapid, shockless subsonic explosive reaction accom¬ 
panied by the formation of gases and blasthole pressure. 

Delay element: Initiation element that is used to dephase in time the 
moment of detonation of a charge with respect to another. 

Demolition: Breakage and knock down of an artificial structure by 
blasting. 

Density: Relationship between the mass and the volume of a body such 
as rock, explosives, etc . 


Detachmenr. Separation produced between fragmented and remaining 
rock after a blast. 

Detonating cord: Plastic covered cord filled with a explosive of high 
strength and velocity, used to initiate explosive charges and tran¬ 
smit detonation. 

Detonation velocity: Propagation velocity of the detonation wave 
through an explosive charge. 

Detonation pressure: Pressure measured in the C-I plane, behind the 
detonation front, during propagation through an explosive col¬ 
umn. 

Detonation: Explosive reaction consisting in propagation of a shock 

lied 

that frees a large quantity of hot, high pressure gases. 

Detonator or electric blasting cap: Initiation accessory in capsule 
shape which, in the electric version, can be instantaneous, delay 
(0.5s) or millisecond delay (20 or 30 ms). They can also be 
classified according to intensity of impulse. 

Dilution: Mixture of ore with waste or other worthless material. 

Dip: Angle formed by blasthole inclination with the vertical. 

Drag bit: Rotary, reamear shaped drill bit with cutting action and hard 
metal inserts along the edges. 

Draw point: Excavation of inverted triangular section used for the 
extraction of fragmented ore in underground metal mines. 

Drift (adit or dean): Lineal underground excavation, usually in min¬ 
ing. 

Drill steel shank: Part of a drilling accessory that is between the 
hammer piston and the drill string. 

Drill bit: Drilling tool which transmits the destructive energy to the 
rock. 
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Drill dust: Particles of rock produced when drilling blastholes. 

Drilling pattern: Geometric plan for the placing of blastholes in a blast. 
It also includes their length, diameter and direction. 

Drilling error: Deviation from the calculated blasthole pattern. 

Drilling maneuver: Any operation that refers to any change or transla¬ 
tion of the drilling equipment, lengthening of the drill steel, remov¬ 
ing it, cleaning the blasthole, etc. 

Drilling rate: Average blasthole drilling rate, including non-productive 
times. 

Dynamite: Explosive invented by Alfred Nobel. At present, it is 
considered to be any explosive in which the sensitizer is nitrogly¬ 
cerine or a similar compound. 

Echelon or staggered pattern: Placing the blastholes of one row in such 
a manner that they form triangles with those of the preceeding row. 

Emulsion: Blasting agent in which the ammonium nitrate is dissolved 
in water and forms droplets surrounded by fuel oil. 

and solids react instantaneously, forming hot, high pressure gases. 

Explosive: Substance or compound that, by sudden release ot its 
energy, produces an overpressure in the surroundings accompanied 
by flame and noise. 

Extraneous electricity: Flows of electrical current that circulate outside 
a normal conductor. It can be the result of defective insulation of 
the equipment, the galvanic action of two different metals, etc. 

Face: Free surface in a blast. 

Feed: Component of rotary percussive rock drills upon which the 
pneumatic or hydraulic hammers move back and forth, also supply¬ 
ing the necessary thrust load for the advance. 

Firing line: Electric cable used to connect the blast to the blasting 
machine. 

Floor (foot wall): Lower surface of a bench, tunnel or chamber. 

Fly rock: The hurling of rock fragments in a blast. 

Fracture: Plane of discontinuity or breakage of rock inside the rock 
mass. 

Fragmentation: Size of the pieces of blasted rock. 

Frequency: Characteristic parameter of a vibration (H z or cycles per 
second). 

Fumes: Dangerous or harmful gases produced in a blast. 

Half cast: Cylindrical surface or wall formed in the rock when drilling 
a blasthole. 

Hammer drilling: Equipment with either pneumatic or hydraulic drive 
that is used to drill blastholes by transmission of energy to the rock 
in the form of shock waves. 

Heavy ANFO: Blasting agent consisting in an emulsion mixed with 
ANFO. 

Impedance: Characteristic which serves to measure the amount of 
energy transfered by a material. The product of the density is 
measured by sonic velocity. 

Indentation: The act of detonating an explosive by means of a de¬ 
tonator or any other accessory. 

Initiator. Blasting accessory that produces detonation. 

Insert: Hard metal piece on drill bit. 

Joints: Planes of weakness in the rock mass which offer no resistance 
to separation. 

Jumbo: Self propelled equipment with one or several booms which 
have hammers for drilling i n underground operations. 

Lifters: Lower horizontal, or slightly inclined, blastholes which break 
upwards. 

Loose rock: Rock fragments that come loose because of cracks, discon¬ 
tinuities, etc. 

Mat: Materials used to control fly rock. 

Microballoons: Small crystal or plastic spheres which are added to 
explosives to increase their sensitivity. 

Millisecond delay: Dephase of time in milliseconds (less than 100 ms) 
with which diverse blasting accessories are manufactured, such as 
detonators, electric blasting caps, relays, etc. 

Muck pile: After blast pile of fragmented rock. 

Nitroglycerine (NG): (C^H^ (ONC^j). 

Omega tube: Plastic tube opened by a generatrix that serves to prepare 
charges with decked cartridges in contour blasting. 

Open pit: Surface operation by downward benching in beds of ore, 
inclined coal beds, etc. 

Overbreak or backbreak: Rock breakage produced outside the thtical 
contour of a blast. 


Particle velocity: Speed at which a ground particle moves from its rest 
position. 

Particle acceleration: Parameter for measuring a unit of ground vibra¬ 
tion in grams (1 g = 9.8 m/s 2 ). 

Net penetration : Average rate of advance during blasthole drilling. 

PETN: Pentrite. (Pentaerythritaltehanitrate) 

Plaster shooting or popping: Secondary fragmentation or breakage of 
boulders produced during previous blasts. 

Pneumatic loader: Equipment run by compressed air. It is used for 
charging either bulk or cartridged explosives. 

Pocket priming: Initiation system carried out by placing the primer 
cartridge on the bottom or top of the explosive column. 

Powder magazine: A portable or permanent structure used to store 
explosives and blasting accessories. 

Presplitting: Contour blast consisting in blastholes which break before 
the stoping blasts and create a cut or fissure plane in the rock. 

-to'/f^SmalL-poro us spher e of a mm o nium ni t r ate_ 

Primer cartridge: An explosive charge of high strength and sensitivity 
into which the detonator is placed. It isnised to potemtateimd - 
increase the output of other explosives. 

Quarry: Surface operation for the extraction of rock for ornamental 
and construction purposes: lime, marble, granite, and shale are 
examples. 

Radiofrequency energy: Electric energy transmitted through the air in 
the form of radio or electromagnetic waves. 

Raise: Underground upward excavation of a tunnel or shaft that can be 
vertical or with an inclination of approximately 45° from the 
horizontal. 

Retrac bit: A drill bit which has grooves and teeth on the back part 
which permit backward drilling in poor ground which tends to cave 
in. 

Rip-rap: Large sized blocks of rock used for construction of dams, 
piers, channel protection, etc. 

Ripping blast: Blast with very little displacement, which helps increase 
natural fracturation or rock swell when preparing for posterior 
breakage and loading. 

Round: Blast, or amount of rock excavated in one blast. 

Row of holes: Series of aligned blastholes in a blast. 

Scaled distance: Relationship used to predict the vibration level and air 
blast. It is usually expressed by distance in meters, from the blast to 
the point of observation,divided by the square or cube root of the 
charge weight per delay, in kilograms. 

Scaling: Removal of rock that is loose or in poor condition from the 
side walls and faces. 

Secondary Masting: Blasting technique usedtoxontrohoverbreak-and- 
produce a competent slope. It can be presplitting, smooth blasting, 
cushion blasting, etc. 

Seismograph: Instrument that measures and permanently registers 
ground vibrations induced by earthquakes and blasting. 

Sensitivity: Measure of susceptibility of an explosive to detonate when 
it receives an external subsonic impulse. Also a measure of its 
ability to propagate the detonation. 

Sensitizer: Ingredient used in explosives to increase facility of initia¬ 
tion or propagation of the reactions. 

Sequential blasting machine: Blasting machine which has diverse 
channels through which current is discharged with a prefixed 
dephasing of milliseconds/ 

Shaft: Vertical underground excavation that is either of rectangular or 
circular sections and of larger dimensions than raises. 

Shank adaptor. First piece on the drill string which transmits the 
energy from piston impact and breakage to the drill string gears. 

Shaped charge: An explosive prepared with a special geometrical 
configuration used fundamentally in secondary fragmentation and 
demolitions. 

Shock tube system (Nonel): An initiation system for detonators in 
which energy is transmitted to them by means of a shock wave that 
travels through a plastic tube. 

Shock wave: A wave that propagates through the explosive charge at 
supersonic velocity in that medium. 

Shot: Charged blasthole. 

Side wall: The lateral face of an excavation. 

Slope: Relationship between the horizontal projection and the height of 
the bench face. 
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Smooth blasting: Contour blast made up of blastholes placed close to 
each other with weak charges, fired after stoping blasts to achieve 
smoother profiles. 

Spacing: Distance between blastholes of the same row. 

Spalling: Mechanism of rock breakage that is produced when the shock 
wave is reflected on a free face as a consequence of the great 
difference in impedances. 

Specific drilling: Meters of blasthole or volume drilled per ton or nr of 
rock broken. 

Specific charge: Amount of explosive used per ton or m 3 of blasted 
rock. 

Square pattern: Placing the blastholes on the vertexes of a square. 

Stemming: Areas of blasthole without explosive charge that are filled 
with inert material such as dust, sand, clay, etc. 

Stope: Steplike excavation underground for the removal of ore that is 
formed as the ore is mined in successive layers 

^trenyr/irPropertyof-an-explosive-measufed-by-diverse-methodSj- 
which express its working capacity. 

Stress, or strain energy: Energy transmitted by the shock wave gene- 
rated by an explosive. 

Strip mine: Surface operation with only one bench in which the bottom 
usually coincides with the wall of the ore level. 


Subdrill: Length of blasthole drilled below the planned level of break¬ 
age. 

Sublevel: Drifts opened at different levels to exploit ore beds. 

Swelling: Increase in rock volume after breakage. 

Sympathetic detonation: Detonation of an explosive material by means 
of an impulse from the detonation of another charge, sent through 
air, ground or water. 

Tamping stick: Wooden or plastic tool used to insert and tamp explos¬ 
ive cartridges and stemming material in a blasthole. 

TNT: Trinitrotoluene 

Toe: Unfragmented parts of a rock mass which appear in the lower 
areas of the bench. 

Tricone (rolling cone) bit: Rotary drill bit with crushing and ripping 
action, made of three cones with steel teeth orhard metal inserts. 

Tunnel: Lineal underground excavation. 

Underwater blasting: Rock blasting underwater. 

Vifira/io^-QscillatHrg-movcmcnt-Qfa soUdor. I iquid medium provoked, 
by passage of an elastic wave. 

Watergel: Slurry composed of an aqueous soludorr of ammonium 
nitrate, which has been sensitized with fuel oil and to which a 
crosslinking agent has been added, turning the consistency from 
fluid to elastic. 
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Abrasion value, 6,31 

Breaking agent, 301 

blasting, 239,240 

Abrasiveness, 6 

Brick walls, 313 

charges test, 99 

- Absolute weigh^strength, 100 - 

-Rridgcs -34 7 

pnf« 796 

Abutment height, 218 

Bridgewires, 128 

--- 

volume, 239,240 

Advance per round, 219 

Bnsance, 58 

Cratering, 2397240 

Air 

values for explosives, 58 

Critical diameter, 103 

deck presplitting, 264,265,266 

Brittleness Test, 31 

Crown pillar, 242,243 

deposit, 89 

Bubble energy, 157 

Crushing of rock, 154 

Airblast, 278,339,340 

Buffer blasting, 255 

Cushion blasting, 255 

Aluminum, 109, 111, 114,115 

Building 

Cut, 219 

Ammonium nitrate, 106 

damage, 350 

and fill mining, 248 

Amphibolite, 6 

demolition, 312 

Cutting 

Amplitude, 339 

response, 350 

action, 72 

Anchor bolt, 252,261 

Bulk 

tools, 75 

Angled cuts, 227 

explosives, 106,136,145-151 

Cuttings, 10,52 

ALANFO, 109 

loading trucks, 147 

Cutoffs, 285 

ANFO, 106,107,108,109 

Burden, 183, 199,200,201,202,203 

Cylinder compression test, 99 

ANFOPS, 259,260 

Bum cuts, 225,226 

Cylindrical cut, 219 

Angular deviation, 30,190 

Button bits, 41 


Attenuation, 339 


Damage prevention criteria, 352-357 

Axial priming, 137, 138 

Carbon dioxide, 95, 104 

D’Autriche method, 101 


Cartridge, 142, 144 

Dead pressure, 104 

Ballistic mortar, 98 

Cast blasting, 196 

Deck charge, 186 

Basalt, 3,6 

Centralizer, 190 

Decoupled charges, 186,257,258 

Beams, 315 

Centralizing elements, 132 

Decoupling, 186 

Bearing, 65 

Chamber, 249 

Deflagration, 92 

Bench, 182,191-203 

Channel effect, 104 

-to-detonation transition, 92 

blasting, 182,191-203 

Chapman-Jouguet (CJ), 93 

Delay 

floor, 295 

Charge 

element, 125 

Bit penetration, 30,31,32,33,34 

concentration, 188 

- p i ‘ — 1 Q/L — |Aa l A _ 

timings, 285,286,287 

Black powder, 116 

conliguiatiun, Io't, ivz, 

Delayed blast, zb 1- 

Blast 

diameter, 119 

Demolition, 312-322 

blasting, 154,155,156,157,158,159 

trucks, 145 

Density, 102 

geometry, 179 

weight per delay, 333 

of rock, 160 

Blastability index, 167,168 

Chimneys, 316 

Depreciation, 34,62 

Blaster, shot firer, 379,380 

Column charge, 187 

Desensitization, 104 

Blasthole 

Collar, 182 

Detachment, 295 

borehole, 179-190 

flyrock, 366 

Detonation, 92 

deviation, 190 

Collaring deviation, 190 

cord, 127 

inclination, 181,192,194 

Combustion, 92 

pressure, 102,187,257 

pattern, 183,199 

Compressive strength (confined and un¬ 

transmission, 103 

pressure, 187, 257 

confined), 4,160 

velocity, 101 

Blasting 

Compressor, 87 

Detonator or "electric blasting cap, 127 

agent, 106-115 

Concrete, 313,360 

Dewatering systems, 152 

caps, 123 

Conductivity, 161 

Diabase, 3,6 

circuit, 127, 128,129 

Cone, 64 

Diesel oil, 107 

machine, 131,132 

Confinement, 183, 337 

Digital processing of images, 291,292,293 

shelter, 370 

Connector, 132 

Dilution, 259 

Booster charge, 136 

Contour 

Dip, 163 

Boreability, 4,31,32,33 

blasting, 252-270 

Displacement, 290,293 

Borehole, 179-190 

holes, 252-261 

Double pipe test, 99 

pressure, 187,257 

perimeter, 252-261 

Down the hole hammer, 16,17,18 

Boring, 82 

Controlled blasting, 252-270 

Drag bit, 72,73 

Bottom 

Costs, 34,61,323 

Drift (adit or dean), 217 

charge, 187 

Coupling, 40,186,258 

Drifting and tunneling, 217-230 

priming, 140 

Covering, 368,369 

Drill 

Boulder, 173,295,299,300,301,302 

Crack length, 329,330 

bit, 41-47 

Breakage by flexion, 156 

Crater, 239 

dust, 10,52 
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steel shank, 38 
string, 36,53 
Drillability index 31, 175 
Drillhole, 179, 190 
Drilling, 1,8, 36,48 
accessory, 36 
deviation, 30, 190 
error, 190 
maneuver, 33 
pattern, 183 
rate, 31 
rate index, 31 
test, 31,59 
Drop ball, 302 
Dust collector, 28,29,55 
Dynamite, 115 


Echelon or staggered pattern, 183 
Elastic modulus, 5,330,338 
Elasticity, 5 
Electric 

delay detonator, 127 
detonator, 127 
Electronic detonator, 131 
Emission of fumes from commercial explo¬ 
sives, 104,122 
Emulsion, 111, 112,113 
explosive. 111, 112, 113 
Enthalpy, 94 
Environmental 
effects, 276, 333 
limitations, 306 
Expansion volume, 186 
Explosion, 92 
Explosive, 92,98,106 
consumption, 188 

Explosives for smooth blasting and presplitt¬ 
ing, 259 

Extraneous electricity, 128, 146,378 

Face, 163, 165 
Fan 

cut, 227 
pattern, 245 

Feed, 9,56- 

Firing line, 128 
Fixation factor, 201 
Floor (foot wall), 218 
Flushing, 10,52,75 
Flyrock, 366 
Foundations, 213,313 
Four-section cut, 219 
Fracture, 163 

Fracturing by release-of-load, 155 

Fragmentation, 326 

Free 

face, 184 
surface, 184 
Frequency, 339 
Fumes, 104 
Fume class, 104 
Funnel, 133 
Fuse, 126 

Gas extension fractures, 155 
Gelatin dynamite, 115 
Geophysical techniques, 170 
Glass micro balloons, 111 
Gneiss, 4,6 
granite, 4,6 
Granite, 3,6 
Greywacke, 4,6 
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Half cast factor, 267 
Hammer drilling, 10-18 
Handheld drills, 28 
Hardness, 4 
Heat 

of detonation, 94 
of formation, 94 

Heats of formation of some explosives, 94 
Heavy ANFO, 113 
Hematite, 6 

Hercudet non-electric initiation system, 124 
High-speed camera photograph, 291 
Hole deviation, 30,190 
Hydraulic rock drills, 5,12,14 

Ice, 304 

Igneous ro c ks, 3 - 

Impedance, 156 
"Inclination, 181, 1927794 
Indentation, 8,64 
Initiator, 136 
Insert bits, 41,68 
Inspection, 349 

Instrumentation, 340, 341,342 
Internal friction, 161 
Iron ore, 6 
IADC codes, 71 

Jet piercing, 83 
Joints, 167 
Jumbo, 20,21,22 

Kaolin, 4,6 

Kodewimetro, 101 

KUZ-RAM model, 327,328, 329 

Langefors weight strengths, 201 

Lifters, 218,222 

Lifter holes, 218,222 

Limestone, 4,6 

Line drilling, 255 

Linear 

charge concentration, 102 

charge concentration for conventional 

-cuutoui blasting, 262 - 

Lithology, 161 
Livingston theory, 239,240 
Livingston's Breakage Process Equation, 
239,240 
Loading 

density, 102,146 
equipment productivity, 293 
Longhole blasthole mining method - LBH, 
243 

Loose rock, 290 

Magnadet initiation system, 129 
Magnetite, 6 

Maintenance and repairs, 35,62 

Marble, 4,6 

Mast, 51 

Mat, 369 

Maximum 

cooperating charge, 334 
throw, 366 

Mechanical notching tool, 267 
Metamorfic rocks, 4 
Microballoons, 111 
Millisecond delay, 125,126 
Mine safety regulations, 371-381 
Miniblast, 299 
Mini-hole blasting, 214 
Misfires, 380 


Monocrystalline diamond, 75 
Muck pile, 293 
Multiple-row round, 185,282 

Net penetration, 30,59 
Nitrocellulose, 115 
Nitrogen oxides, 104 
Nitroglycerine explosives, 95, 115 
Nitroglycerine (NG), 95 
Noise, 339, 357 

Non-nitroglycerin explosives, 106 
NONEL, 123 
Nonideal detonation, 93 
Noxious gases, 104 
Nozzle, 68 

OD m et hod , 77 - 

ODEX method, 77 

"Omega iuberf32r258 

Open pit, 172, 191 

Optimum depth ratio, 239 

Ornamental rock, 268 

Overbreak or backbreak, 268,294,295 

Oxygen 

balanced explosives, 95 
deficiency, 95 

P-wave, 338 
velocity, 338 
Parallel hole cut, 219 
Particle 

acceleration, 339 
velocity, 339 
Peak 

particle velocities, 339 
vibration particle velocity, 339 
Pegmatite, 6 
Penetration rate, 30,59 
Percussion, 8 

Permissible explosives, 116 
PETN, 127 

Photogrammetric method, 290 
Photographic method, 290 
Pillars, 315 

-Piston-compressor,-87- 

Planning, 305 

Plaster shooting or popping, 299 
Plasticity, 6 
Plate dent method, 99 
Pneumatic 
charger, 145 
drilling rigs, 10,11 
loader, 144, 145,146 
Pocket priming, 140 
Polycrystalline diamond, 75 
Pop shooting, 299 
Porosity, 160 
Powder 

factor, 188 
magazine, 375 
Practical burden, 201 
Preblasting, 215 

Predicting the fragmentation, 326 
Presplitting, 254 
Pressure 
drop, 90 

of the explosion, 96 
Prill, 107 
Primer, 136 
cartridge, 137 
Probabilistic analysis, 331 
Propagation Law, 342-345 
Pulldown, 56,57 
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hoisting systems, 50 
Pump trucks for explosives, 149 
Pumpable blasting agent, 114,199 
Pumping emulsion explosive. 111, 113 
Pyrotechnic delay detonator, 125 

Qualitative visual analysis, 290 
Quarry, 191 

Radial fracturing, 154 
Radio frequency energy, 128, 146,378 
Raise, 231 
driving, 80 
Ramp blasting, 210 
Rayleigh wave, 338 

Reaction products of some explosives, 94 
Refative weight strength, 100 

-Retrac-biMkl- 

Rip-rap, 195,266 
Ripping blast, 216 
Rock 

breakage mechanisms, 154 
constant, 201 
properties, 160 
Rolling cone rock bits, 64,71 
Room and pillar mining, 248 
Rotary 

power, 58 
rig, 48-62 
screw, 87 

Rotation systems, 49,50 
Round, 105 
Row of holes, 185 
RQD, 167 
RQI, 174 

SAB REX system, 329 
Safe distance, 257,369 
Safety 

fuse, 126 

measures, 371-381 
Salt mines, 228,229 
Sandstone, 4,6 

Scaled distance, 3 4 2 - 

Scaling, 373 
Schistosity, 4, 163 

Screening, 293 ' 

Secondary blasting, 293, 299 
Sedimentary rocks, 4 


Seismic 

strength test, 98 
survey, 170 

Seismograph, 340, 341 
Sensitivity, 102 
Sensitizer, 104,110 
Sequential blasting machine, 131 
Shaft, 231 
sinking, 79 
Shank adaptor, 37 
Shaped charge, 278,299 
Shinking cut, 210 
Shock 
subs, 54 

tube system (Nonel), 123 
wave, 154,159 

Shot, 105 _ 

Side 

- hill cut, 20 6- 

wall, 218,252 
Slate, 4,6 

Sliding-vane compressor, 88 

Slope, 252,358 

Slurry explosives, 110,111 

Smooth blasting, 254 

Spacing, 183 

Spalling, 154 

Specific 

charge, 188 
drilling, 189 
heat, 94 

Square pattern, 183 
Stability, 102 
Staggered pattern, 183 
Steel, 36 
Stemming, 182 
height, 182 
Stope, 240 

Stoping holes, 239-248 
Strain 

energy factor, 239 
wave, 156 

Stray currents, 128,146, 378 
Strength, 98, 154 

—Stress- 

or strain energy, 157 
fields, 164 

waves, 154,253,358 
Strip mine, 191 
Stump, 302 


Subdrilling, 182 
Sublevel stoping, 245 
Surface coal mines, 172,196 
Swelling, 290 

Sympathetic detonation, 103 

Tamping stick, 133 
Temperature of the explosion, 96 
Tensile strength, 160 
Texture, 6 

Thermochemistry, 94 
Threads, 36 
TNT, 95, 110 
Toe, 295 
Top priming, 141 
Towers, 317 
Toxic fumes, 104 

"Trauzl Lead Block Tesfi-98- 

Trench blasting, 208 _ 

Tricone (rolling cone) bit, 64-71 
Tungsten carbide inserts, 68 
Tunnel, 217 

Unconfined compressive strength, 4,160 
Underground stopes, 239,284 
Underwater 

blasting, 272-279 
explosion tests, 100 
shock waves, 276 

V-cut, 227 
Vacuum filter, 89 
VCR blasting, 236,242 
Velocity of Detonation (VOD), 101 
Vertical Crater Retreat Blasting technique 
(see VCR), 236,242 
Vibration, 333-365 
level, 339 

Volume of explosion, 95 
VOD measurement, 101 

Water resistance, 102 
Watergel, 110, 111 
Water-jet drilling, 84 
Wave parameters, 338,339 

Wedges, 301 _ 

Weight strength, 100 

relative to LFB-dynamite and ANFO for 
some explosives, 100 

Young’s modulus, 330,338 



